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0   Executive Summary 
0.1 Introduction 
Directional solidification (DS) techniques enable the solidification structure of 
materials to align in a specific direction. Specifically, directional or single crystal (SC) 
structures are formed to improve the mechanical properties of the underlying 
materials, e.g. the best creep property in the crystallographic direction [100] [Kear 
and Piearcey, 1967]. Industrial DS/SC turbine blades of superalloys are traditionally 
produced by using the well-known Bridgman process shown in Figure 0.1 a. 
However, due to the thick ceramic moulds and the poor cooling condition, it is difficult 
to maintain a reasonably high temperature gradient necessary for the desired 
solidification structure. Demand for a more efficient DS/SC casting with a higher 
temperature gradient led to the development of the modified Bridgman techniques, 
such as the LMC (Liquid Metal Cooling) [Tschinkel et al., 1973] and the GCC (Gas 
Cooling Casting) processes [Konter et al., 2000]. Although both casting techniques 
result in higher cooling rates and finer microstructures compared to the conventional 
Bridgman process, they are still not widely applied in the industrial field due to the 
high device investments and the complicated procedures. Additionally, the heat 
transfer through the thick mould shell is to date nearly not improved by applying the 
LMC and GCC techniques, which is a remarkable barrier to further increase the 
thermal gradient and to cast large-sized DS/SC components.  
 
Figure 0.1: Illustration of conventional Bridgman process as well as the Bridgman-
base techniques: Liquid Metal Cooling (LMC) and Gas Cooling Casting (GCC). By 
withdrawing the shell mould downwards the component is solidified upwards             
Executive Summary 
 
II 
 
The objective of this work is to develop a novel directional solidification process - 
Thin Shell Casting (TSC), which is a combination of dynamical baffle, Bridgman, 
GCC and Czochralski technologies [Ma, Lu and Bührig-Polaczek, 2011], shown in 
Figure 0.2. According to this new technology a thin shell mould (with a shell 
thickness of 1 mm) mounted to a chill is dipped through the floating baffle into the 
melt bath. After mould filling, by pulling up the shell mould, a directional solidification 
can be performed in a downward direction. Due to the use of extremely thin shell 
moulds and the application of gas cooling, an efficient heat extraction can be 
achieved in comparison to the conventional and modified Bridgman techniques. In 
the casting trials with Cu- and Al-alloys, not only directional solidification (DS) but 
also single crystal (SC) growth were successfully performed. It confirms the feasibility 
of the new technology. Thereafter the TSC process was applied to directional 
solidification of the superalloy CMSX-6. Owing to the considerable increase in 
thermal gradient and in cooling rate, a much finer microstructure was detected in the 
DS samples of CMSX-6, i.e. smaller dendrite arm spacing λ1, finer γ’ precipitate, 
smaller fraction of γ/γ’ eutectic. Additionally, the micro-porosity was almost 
completely eliminated. 
 
 
Figure 0.2: Principle of the thin shell casting 
(TSC) process 
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0.2 Experimental Principle and Device 
In the Thin Shell Casting (TSC) process schematically shown in Figure 0.3, the melt 
in the crucible is overheated and covered with hollow ceramic particles as a flexible 
baffle. A very thin shell mould mounted to a chill is dipped through the floating baffle 
into the melt bath. A slug of the same metal at the bottom of the mould prevents the 
penetration of the dynamic baffle. As soon as contact with the chill rod is established, 
the melt begins to solidify. By slowly pulling up the shell mould through the flexible 
baffle a directional solidification can be performed downwards. With a helix selection, 
SC solidification should be achieved. Application of gas cooling enables an efficient 
heat extraction from the solidified component to the surrounding. 
 
 
Figure 0.3: Illustration of the TSC process. (a) Dipping the shell mould through the 
baffle into the melt bath; (b) Mould filling; (c) Pulling up the mould and applying gas 
cooling, to perform a downward solidification 
 
After a material feeding in the melt bath, the above-described casting process can be 
repeated, so that a high productivity of the TSC technique is attained. Compared to 
the conventional and modified Bridgman techniques, the TSC process possesses the 
following advantages: 
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(1) A very simple casting device 
The device for the TSC process was constructed and built up at the Foundry Institute 
of RWTH Aachen University. As shown in Figure 0.4, it consists of a controllable 
electric resistance furnace, a programmable elevator and a water cooling chill rod as 
well as gassing nozzles, which is so far the simplest apparatus for DS/SC casting. 
With a maximum operating temperature of 1700°C, the furnace is equipped to cast 
almost all metal alloys, including superalloys. The pulling capability of up to 40 kg and 
the maximal crucible size (the height and the inner diameter of up to 280 mm and 
160 mm respectively) enable the casting of large components. Using a pulling speed 
range from 0.2 to 19.8 mm/min, the TSC process can be precisely controlled and is 
practically reproducible.  
 
Figure 0.4: The pilot TSC device (a) and schematic representation (b) 
 
(2) An extremely thin shell mould 
Compared to the thick shell moulds with an uneven thickness used in the Bridgman 
furnace (Figure 0.5 a), a remarkable advantage of the TSC process is the significant 
reduction of the mould shell thickness. Due to the absence of the hydrostatic melt 
pressure in the mould cavity, the ceramic mould can be so thin (~ 1 mm) as to merely 
keep the casting shape (Figure 0.5 b). It enables not only a distinct reduction of the 
mould material and the manufacturing expense, but also a significantly improved 
a b 
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cooling condition caused by the clear reduction of the heat extraction resistance. 
Since the shell thickness could be kept even for considerably increased component 
sizes, the TSC technology is expected to cast large IGT blades in the future. 
 
 
 
(3) A steady and reliable mould filling 
During the melt pouring in the Bridgman furnace, especially for large blades, the 
mechanical impact stress in mould cavity is so large that the shell moulds and inner 
cores might be damaged. However, with the TSC process, the risks are completely 
avoided by a steady and reliable mould filling. Additionally, even when the mould 
cracks, no parts of the casting device are at risk. Another advantage of the steady 
mould filling is the reliable application of the seeding technique to cast SC 
components, since the melt cannot penetrate upwards into a possible gap between 
the seed and the shell mould to form stray grains. 
 
(4) Optimization of the solidification condition and casting quality 
The heat extraction from the solidified casting part mainly depends on the thermal 
conduction through the ceramic shell mould. According to a numerical simulation for 
the LMC process with dynamic baffles, by halving the shell thickness (from 10 to 5 
mm), the temperature gradient G is increased by about 30% [Lohmüller, 2002]. In this 
research work, the shell mould thickness δmd is reduced to only about 1 mm. 
Figure 0.5: Typical shell moulds for 
production of turbine blades in the 
Bridgman (a) [Wagner, 2001] and 
the TSC process (b) 
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Additionally, by applying an additional gas cooling and dynamical baffles, the 
surrounding temperature will be significantly decreased. As a result of the 
considerably improved heat extraction, a very high temperature gradient G is 
expected, which improves the casting microstructure and consequently the 
mechanical properties of single crystal casting components. 
 
(5) Complete avoidance of freckles formation, a main defect of DS/SC turbine 
blades 
In the TSC method, the solidification direction is totally reverted and is generally 
parallel to the gravitational forces. Thus the unstable density distribution due to 
thermal and compositional differences, namely the driving force for freckles 
formation, will be completely avoided. The resulting density gradient (top light, bottom 
heavy) even plays a positive role for the stabilization of the melt and for the dendrite 
growth in the mushy zone, resulting in reduction of misoriented grains.  
 
(6) Other benefits 
 In the Bridgman process, the thick ceramic mould should be preheated (e.g. 
up to about 1500 °C to cast superalloys) before melt pouring, which can take 
several hours through heat radiation in a vacuum. However, using the TSC 
technique, an extra mould preheating is no longer needed, since the thin shell 
mould will be continuously heated up during the mould immersion process. 
 
 More effective gas cooling can be realized in the TSC process compared to 
the Gas Cooling Casting (GCC) process, since the mould shells are uniform 
and much thinner. 
 
 By using hermetic slag-baffles, the superalloy might be cast under an argon 
atmosphere. Thus, a vacuum chamber can be abandoned to lower the device 
investment. 
 
Based on the theoretical analysis of the heat flux (for Bridgman, LMC, GCC 
processes) conducted by Konter et al. [Konter et al., 2000], the heat flux in the TSC 
technique was calculated. The heat transfer coefficients and the heat fluxes for the 
different DS/SC techniques are illustrated in Figure 0.6. It has found that the TSC 
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process enables the best cooling condition over the other processes. In addition, due 
to the extremely thin mould shell and the effective gas cooling, a further improved 
heat transfer through the gap (between the solid metal and the mould shell) and a 
lower surrounding temperature can be expected, which should be experimentally 
measured at the future work step.  
 
 
Figure 0.6: Heat transfer coefficients and heat fluxes calculated for the Bridgman, 
LMC, GCC [Konter et al., 2000] and TSC processes 
 
0.3 Numerical Simulation of TSC Processing (IN939) 
Prior to the TSC trials, a numerical simulation was performed using an in-house 3D 
FLUENT® model, which enabled advanced predictions of the temperature 
distribution, the isotherm curvature and the position of the solidification front under 
varied processing parameters. To reduce the simulational complexity, a simple 
dummy blade was chosen as the casting part. Concerning the quite similar thermo-
physical properties of Ni-base superalloys, the IN939 was utilized as the casting alloy 
46 
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in the simulation work while its properties have been systematically investigated and 
presented by Hediger [Hediger, 1988]. 
The simulation work was carried out by considering varied process parameters, such 
as the application of cooling gas (Ar), the thickness of the mould shell dF and the 
pulling velocity V. Correspondingly, four simulated TSC processes are listed in 
Figure 0.7. The heat transfer parameters between the corresponding materials were 
then calculated according to the heat flux analysis introduced in the chapter 3.3. 
Some parameters of the boundary condition, such as baffle and surrounding 
temperatures, were experimentally measured in the TSC casting with the superalloy 
CMSX-6 and set as constants for each simulation process.  
 
Figure 0.7: Temperature distribution in the TSC processes (superalloy) with varied 
parameters (V = pulling velocity in mm/min, dF = shell thickness in mm). The baffle 
thickness is 16 mm and the melt bath temperature is 1450 °C. 
 
The simulation results under different casting conditions are presented in Figure 0.7. 
As shown in the reference process a, the solidification front (TL) resides slightly below 
the melt level, which allows a contact between the solid and liquid phases as well as 
a continuous crystal growth without interruption. With a higher pulling velocity 
(process b) or a thicker mould shell (process c) the phase boundary rises upwards 
into the baffle. Due to the negative pressure at the solid/liquid interface, the casting 
quality and even the continuity of the solidification process can be endangered. In 
process d, by using gas cooling the casting component is cooled more effectively and 
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the solidification front moves deeply into the melt bath, which should lead to a 
significantly improved casting quality and enable a higher pulling velocity. By 
analysing the temperature distribution in the region behind TL (process d), a 
temperature gradient G of about 25 K/mm is evaluated. This is much higher 
compared to that of the Bridgman method and is expected to result in a much finer 
microstructure of the casting components. 
Notably, a thermal convection ahead of the solidification front was detected in the 
simulated TSC Process, which might result from the density difference of the melt 
caused by thermal gradient. Since the thermal convection occurred merely in front of 
the mushy zone, it might be beneficial to melt homogenization and have no 
disadvantageous influence on the mushy zone.       
 
0.4 Experimental Work and Characterization 
(1) Production of Thin Shell Mould  
At the beginning of the experimental work, the shell thicknesses after different 
dipping-sanding cycles were measured aimed at producing a thin but stable and well- 
producible mould shell. As a result, the thinnest shell with an average thickness of 
0.5 mm was obtained after the 1-time sanding. Obviously, the shell thickness 
increased as sanding times increased. Considering the producibility of ceramic 
moulds with varied shell thicknesses, a number of thin shell moulds (dummy blades) 
were manufactured. Additionally, to achieve a minimum shell thickness, a mould shell 
with only 2-time dipping (without sanding) was tested. However, the mould failed after 
dewaxing due to the poor stability. By increasing the shell thickness to 0.5 mm (1-
time sanding), the shell moulds were produced after firing (at 1200 °C for two hours), 
whereas crack and deformation risks appeared. Then with further increased shell 
thicknesses to 1-1.5 mm (2- and 3-time sanding), there were no more cracks or 
deformations found. Thus the moulds after 2-time sanding with a shell thickness of 
about 1 mm (Figure 0.5 b) were evaluated as the optimal ceramic thin shell mould 
for TSC process and applied throughout the experimental trials. 
 
(2) Experimental Trials with a Cu alloy (CuSn10) 
In order to test the feasibility of this novel process, the CuSn10 alloy was first cast, 
since it has a relatively lower melting point (900°C) than a superalloy and can be 
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easily melted and cast under inert gas. As a thermal coating material, boron nitride 
suspension (50 % BN with 50 % distilled H2O) was used for a non-wetting outside 
surface. To find out optimal casting conditions, a number of floating baffles (e.g. 
hollow Al2O3 particles, Al2O3-mat, corundum sand and B2O3 melt) and systematically 
varied casting parameters were tested. During the casting process, argon was 
blasted to the mould as the protective and cooling gas. In addition, with the hermetic 
baffle - B2O3 melt, a compressed air cooling was applied. Due to a suitable fluidity 
and an excellent thermal insulation, the ceramic particles were so far evaluated as 
the optimal baffle for the TSC technique. 
 
 
Casting trial Tmelt  (°C) V (mm/min) Baffle Ar (l/min) 
a 1056 13 Al2O3-mat 0.5 
b 1090 3 hollow beads 0.5 
c 1080 4 B2O3-melt compressed air 
Figure 0.8: The bronze CuSn 10 casting parts after grinding, polishing and macro-
etching. (a) DS component; (b) DS component with limited grain selection; (c) SC rod 
with 3-D helix selection 
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Using the TSC process, the CuSn10 components were directionally solidified with the 
listed casting parameters in Figure 0.8. All the resultant components were ground, 
polished and macro-etched for a visual inspection of their grain structures. A 
directional grain structure of an as-cast dummy blade is shown in Figure 0.8 a. At the 
top of the specimen, the solidification occurred instantaneously because of a 
quenching effect on the chill rod. The microstructure is characterized by a large 
number of fine grains without a recognizable growth direction. After a competitive 
growth procedure, the number of grains was significantly reduced while some 
surviving grains with the favourable orientations (against the heat flux) kept growing 
downwards, resulting in a typical columnar grain structure. Furthermore, for the DS 
component shown in Figure 0.8 b, a 2D helix was designed to diminish the number 
of DS grains. Consequently, merely a modicum of grains grew through the 2D 
selector. In the casting part only 3-5 DS grains were detected. Figure 0.8 c shows a 
cylindrical component with a thick helix, which is used to enable a complete mould 
filling. In spite of an inefficient heat extraction through the helix, a higher pulling 
velocity of 4 mm/min could be applied due to the efficient compressed air cooling. As 
a result only one grain passed through the helix and a SC structure was achieved.  
 
(3) Thermal Measurement and Analysis with Al99.93 
At the following step, a number of Al99.93 cylindrical bars with thermocouples were 
directionally solidified after the TSC process. A range of solidification variables 
(pulling velocity in mm/min, compressed air cooling in bar) and a constant superheat 
of about 100 °C were utilized. All process parameters employed are listed in Table 
0.1. 
Table 0.1: The process parameters of the DS trials with Al 99.93 
 
The axial thermal gradient G and the cooling rate  ̇ at the solidification front as well 
as the solid/liquid interface location Z were calculated from the temperature data. 
Al99.93 0 bar 0.1 bar 0.4 bar 
1 mm/min V1-0 V1-0.1 - 
2 mm/min V2-0 V2-0.1 V2-0.4 
5 mm/min V5-0 V5-0.1 V5-0.4 
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Using the average calculated value of three measuring points, the solidification 
condition of the trials is schematically illustrated in Figure 0.9. 
 
       
 
 
The location of the solid/liquid interface relative to the heating and cooling zones 
influences thermal gradients in the DS process and indicates the heating and cooling 
efficiency. In the TSC process, in order to ensure a continuous crystal growth without 
interruption, a solid/liquid interface located below the melt bath level is desired, which 
provides a positive melt pressure at the solidification front. As shown in Figure 0.9, 
the interface position was strongly influenced by the pulling velocity. The higher the 
pulling velocity, the further away from the melt bath was the position of the solid/liquid 
interface. In the trials without compressed air cooling, the solidification front was 
located slightly below the melt level only when a low pulling velocity was applied   
Figure 0.9: Illustration of the solidification 
condition with varied process parameters. 
 ̇ = GV (based on thermal measurement 
of Al99.93) 
Executive Summary 
 
XIII 
 
(V1-0). Using increased pulling velocity (V2-0, V5-0), the heating capability exceeded 
the cooling efficiency, resulting in an unfavourable interface location above the melt 
level. In the trials with compressed air cooling of 0.1 bar, due to the significantly 
improved cooling efficiency, the solid/liquid interfaces were obviously pressed 
downwards and were located completely below the melt level, even at a high pulling 
velocity of 5 mm/min. With increased air pressure up to 0.4 bar, there were no 
considerable change detected, compared to the solidification condition of the trial 
with 0.1 bar cooling. Note that the air cooling of 0.1 bar was sufficient for the applied 
range of pulling velocity (1–5 mm/min). 
 
Notably, the thermal gradient was mainly influenced by the location of the solid/liquid 
interface. The relationship between solidification front location Z and axial thermal 
gradient G is illustrated in Figure 0.10. The closer the solid/liquid interface located to 
the baffle surface, the higher was the thermal gradient. Considering the desired 
solidification front location (below the melt level), the trial V5-0.1 was recognized as 
an optimal process on account of a high thermal gradient, a high cooling rate, a good 
casting quality as well as a high productivity. 
Figure 0.10: The relationship between the location of the solidification front and 
axial thermal gradient (Al99.93) 
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(4) Thermal Measurement and Metallographic examination with AlSi7Mg0.3 
In order to investigate the morphology of the mushy zone in the TSC process, the Al 
alloy AlSi7Mg0.3 was directionally solidified under the following parameters, see 
Table 0.2. Due to the lower thermal conductivity of AlSi7Mg0.3 compared to that of 
Al99.93, a lower superheat of about 50 °C was applied to promote solidification. 
Thereafter the thermal measurement and the metallographic examination were 
carried out.  
Table 0.2: The process parameters of DS trials with AlSi7Mg0.3 
AlSi7Mg0.3 0 bar 0.1 bar 0.4 bar 
1 mm/min V1-0 V1-0.1 V1-0.4 
2 mm/min - V2-0.1 - 
5 mm/min V2-0 V5-0.1 V5-0.4 
 
Figure 0.11, 0.12 and 0.13 show typical solidification conditions and corresponding 
longitudinal section microstructures of AlSi7Mg0.3 (under the given casting 
parameters). The cooling rate  ̇, the thermal gradient G, the location Z and the length 
MZ of the mushy zone are indicated. 
Figure 0.11 illustrates the microstructure features for samples solidified without 
compressed air cooling. The microstructure transitioned from cellular dendrites (V1-0) 
to well-developed dendrites (V5-0) with the increase of the pulling velocity from 1 
mm/min to 5 mm/min, i.e. the increase of the cooling rate from 5.9 K/min to 20.5 
K/min. At the lower cooling rate, the secondary branch arms were almost non-
discernible in the longitudinal section (V1-0). At the increased cooling rate, secondary 
dendrite arms and even tertiary arms were observed (V5-0). Undesirably, both mushy 
zones were located completely above the melt bath. Obviously, cooling efficiency in 
the mushy zone decreased as pulling velocity increased. A shorter mushy zone (6.8 
mm) was measured in sample V1-0 while a longer mushy zone (8.0 mm) in sample 
V5-0, which directly determined the thermal gradient (5.9 vs. 4.1 K/mm).  
Figure 0.12 illustrates the development of the microstructure under compressed air 
cooling of 0.1 bar. In contrast with trials V1-0 and V5-0, here the cooling efficiency 
was significantly improved. The solid/liquid interfaces of trials V1-0.1, V2-0.1 and V5-
0.1 were entirely pressed into the melt bath and were close to the melt level, which 
provides relatively high thermal gradients and ensures positive melt pressure in the 
mushy zones. As listed in the table of solidification parameters, the thermal gradient 
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increased as the mushy zone displaced upwards, which is accompanied by 
increased pulling velocity. Accordingly, the highest thermal gradient was obtained in 
trial V5-0.1. For the resultant microstructures, a transition from coarse dendrites (V1-
0.1) to well-developed dendrites (V5-0.1) was observed as the pulling velocity and 
the cooling rate increased.    
 
 
Figure 0.11: Illustration of solidification condition in trials V1-0, V5-0 and 
corresponding longitudinal section microstructure of AlSi7Mg0.3 
 
 
Figure 0.12: Illustration of solidification condition in trials V1-0.1, V2-0.1, V5-0.1 and 
corresponding longitudinal section microstructure of V1-0.1, V5-0.1 (AlSi7Mg0.3)  
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In comparison to trial V1-0, at the same pulling velocity of 1 mm/min, trial V1-0.1 
possessed a lower thermal gradient of 4.9 K/mm, i.e. a lower solidification parameter 
G/V, which is a critical value for DS morphology. As observed in Figure 0.11 and 
0.12, the microstructure transitioned from cellular dendrites (V1-0) to coarse 
dendrites (V1-0.1). 
 
 
Figure 0.13: Illustration of solidification condition in trials V1-0.4, V5-0.4 and 
corresponding longitudinal section microstructure of AlSi7Mg0.3    
 
Then, by increasing cooling air pressure up to 0.4 bar, as shown in Figure 0.13, the 
mushy zone moved more deeply into the melt bath, which lowered the cooling 
efficiency in the mushy zone, and resulted in a lower thermal gradient. Consequently, 
at the same pulling velocity of 1mm/min for V1-0, V1-0.1 and V1-0.4, the lowest G/V 
value was measured in the trial V1-0.4. As a result, compared to the microstructures 
of samples V1-0 and V1-0.1, typical dendrites with large secondary dendrite arms 
were detected in the sample V1-0.4. In the trial V5-0.4, it’s worth mentioning that the 
casting temperature was lowered from 675 °C to 650 °C due to a furnace defect. 
Thus, a decreased thermal gradient was obtained. Theoretically, under the same 
casting temperature and compressed air cooling condition, the thermal gradient 
should increase as pulling velocity increases, see Figure 0.12. Anyway, because of a 
much higher cooling rate compared to that in V1-0.4, a much finer dendritic structure 
with well-developed tertiary arms were shown in sample V5-0.4. 
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In this work, to investigate the influence of the cooling rate on DS microstructures, the 
secondary dendrite arm spacings were measured and listed in Figure 0.14. From the 
result, low cooling rate caused quite large λ2, while high cooling rate caused much 
smaller λ2. The relationship indicates a monotonic decrease in λ2 with increasing 
cooling rate. By using regression analysis, for AlSi7Mg0.3 the secondary dendrite 
arm spacing is given as λ2 = 136.86  ̇
-1/3, which is in good agreement with the well-
known relationship λ2 ∝  ̇
-1/3.  
   
 
 
 
Figure 0.14: Illustration of secondary arm spacing λ2 with cooling rate  ̇  for DS 
samples of AlSi7Mg0.3 
 
 
V1-0.4  V1-0.1  V1-0  V2-0.1  V5-0.4  V5-0  V5-0.1  
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λ2 (μm)  83  82  76  60  54  48  37  
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Compared to the as-cast microstructure after a laboratory-scale LMC process 
(withdrawal speed: 25 mm/min; cooling rate: 375 K/min; coolant: gallium-indium alloy) 
[Grüneberg et al., 2009], the as-cast microstructure after TSC trial V5-0.1 (pulling 
rate: 5 mm/min; cooling rate: 34.5 K/min; compressed air cooing: 0.1 bar) possessed 
a parallel dendritic orientation and even a finer dendrite structure. The advantageous 
solidification direction (downward) of the TSC process could be an influential factor in 
the finer microstructure of the TSC components. In further analysis of the eutectic 
structures, the cooling rate during the solidification was found to have a pronounced 
effect on the eutectic morphology and volume fraction. Obviously, increasing the 
cooling rate resulted in much finer microstructure and more homogeneous dispersion 
of Al-Si eutectic mixture, i.e. from coarse lamellar silicon (V1-0.1) to refined acicular 
silicon (V5-0.1).  
 
(5) Casting DS/SC turbine blades with Al99.93 
Based on the experience from the previous experiments, Al 99.93 was then cast in 
some complicated moulds to attain DS/SC turbine blades. At the first step, two DS 
blades were cast (with a dipping temperature TPouring of 800 °C and a pulling 
temperature TUp of 760 °C), shown in Figure 0.15. During the pulling process for 
blade b, the exposed mould surface was blown by compressed air of 0.4 bar in order 
to improve the cooling condition while blade a was cast without compressed air 
cooling. The pulling velocity was gradually increased from 3 to 17 mm/min in both 
trials. After casting the Al-blades were shaken out and sandblasted, shown in Figure 
0.15. In the TSC process, particularly at higher pulling velocities, cooling air plays a 
significant role in the casting quality. In blade a, distinct macro-porosity and 
shrinkages were detected, see Figure 0.15 a1.  Furthermore, at the high pulling 
velocity of 17 mm/min, blade b was even interrupted due to the extremely insufficient 
cooling effect, see Figure 0.15 a2. In contrast, blade a possessed a higher 
dimension accuracy and a lower surface roughness, shown in Figure 0.15 b1 and 
b2. 
After macro-etching (Figure 0.16 a and b), typical DS grain structures were 
recognized on both blades. However, blade a exhibited grains that obviously angled  
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away from the centreline while blade b displayed grains relatively well–aligned with 
the pulling direction, indicating that blade b possessed a comparatively flatter 
solid/liquid interface during the casting process.  
 
Figure 0.15: DS blades of Al99.93 after sandblasting: blade a was cast without 
compressed air cooling while blade b was cast with compressed air cooling of 0.4 bar 
 
Considering the coarse and bendable DS grains of Al99.93, a double-neck selector 
was then applied to the TSC process, in order to cast SC blades. During the TSC 
process, a lower velocity range of 0.8-1.8 mm/min and a compressed air cooling of 
0.2 bar were utilized. After sandblasting the blade was macro-etched to detect the 
grain boundaries, see Figure 0.16 c. In the starter section at the top, the boundaries 
between the columnar grains can be clearly recognized. After the double-neck 
selection a SC structure without grain boundaries was achieved, with the modified 
pulling velocities, the single grain grew through the entire blade. Thereafter, using the 
optimal casting parameters and the same mould configuration, the reproduction of 
SC blades (Al99.93) was successfully conducted. 
 
1 cm 
1 cm 
Executive Summary 
 
XX 
 
1 2 3
Density 2,658 2,678 2,695
2,6
2,62
2,64
2,66
2,68
2,7
D
e
n
s
it
y
 ρ
 (
g
/c
m
3
) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
 
 
 
 
 
 
 
Then, the blade densities were measured and listed in Figure 0.16. With the same 
pulling velocity range of 3-17 mm/min (Figure 0.16 a and b), the application of 
compressed air cooling obviously eliminated internal porosities, which resulted in a 
relatively higher density (2.658 vs. 2.678 g/cm3). Comparing the blades b with c, 
1 cm 
b 
a b c 
Figure 0.16: Casting densities of Al99.93 after different process conditions: (a) 
without compressed air cooling, pulling rate 3-17 mm/min; (b) air pressure 0.4 bar, 
pulling rate 3-17 mm/min; (c) air pressure 0.2 bar, pulling rate 0.8-1.8 mm/min 
c a 
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under the same cooling condition, the casting density was further improved by 
decreasing the pulling rate range from 3-17 to 0.8-1.8 mm/min (2.678 vs. 2.695 
g/cm3), owing to a deeper location of the solidification front into the melt bath at a 
lower pulling velocity, i.e. a higher hydrostatic melt pressure and consequently a 
more beneficial feeding condition at the solidification front. According to the 
theoretical density of Aluminium (2.7 g/cm3), the SC blades possessing a really high 
density of 2.695 g/cm3 verified not only the feasibility of the novel technique, but also 
the top quality of the TSC components.   
 
(6) Casting DS/SC turbine blades with AlSi7Mg0.3 
To apply the TSC process to turbine blades of a technical alloy, the AlSi7Mg0.3 alloy 
was chosen. In order to cast SC blades of AlSi7Mg0.3, the abovementioned thin shell 
moulds with double-neck selectors were utilized. All the casting experiments were 
performed with a dipping temperature TPouring of 750 °C, a pulling temperature TUp of 
720 °C and a cooling air pressure of 0.4 bar. As the only variable process parameter, 
three pulling rate ranges were utilized: 3-17 mm/min, 3-14 mm/min and 0.8-1.8 
mm/min. Prior to the metallographic examination, the casting density was measured. 
As with the casting density of Al99.93 evaluated above, the density of AlSi7Mg0.3 
blades increased (2.65-2.66 g/cm3) as the pulling rate decreased. In accord with the 
theoretical density of AlSi7Mg0.3 (2.67 g/cm3), the really high quality of TSC 
components was once again confirmed. 
 
Due to the high quantity of Si in AlSi7Mg0.3, a macro-etching aimed at the 
observation of grain boundaries is not realizable. Instead, a micro-colour-etching was 
conducted to reveal the grain structures in AlSi7Mg0.3 casting components. As 
illustrated in Figure 0.17 b, the number of dendrites was nearly never reduced by the 
neck. In fact, the dendrites were strongly compressed and then transitioned to 
cellulars at the neck, which resulted from the abruptly increased local heat flux, i.e. 
the increased thermal gradient. Below the neck, the microstructure transitioned from 
cellars back to dendrites while the cross section extended. Therefore, the double-
neck selector failed to function. Notably, a number of tiny stray grains with different 
colours was detected at the overall blade part (Figure 0.17 c and d), owning to the 
property of AlSi7Mg0.3 microstructure, that indicates the AlSi7Mg0.3 alloy might be  
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a 
b 
c 
d 
Figure 0.17: The microstructures of the AlSi7Mg0.3 blade: (a) the cross section at the 
top; (b-d) the longitudinal sections at selected locations 
a 
Pulling Rate: 
3 mm/min 
5 mm/min 
8 mm/min 
11 mm/min 
14 mm/min 
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unsuitable for SC casting. Hence, to date, there is still no experimental studies have 
reported SC casting parts of AlSi7Mg0.3. However, typical DS microstructures were 
then detected in the blade part, exhibiting an excellent alignment with the axial 
thermal gradient, i.e. the downward solidification direction (Figure 0.17 c and d), 
which verified that the TSC technique is applicable to technical alloys. 
 
(7) Experimental Trials with a superalloy (CMSX-6) 
At this work step, some DS rods of the superalloy CMSX-6 were cast using TSC 
process. The conducted casting parameters are listed in Table 0.3. To investigate 
the solidification front of the specimen, at the end of the process, the bottom part of 
the rods was swiftly pulled up from the melt for a quenching effect. 
Table 0.3: The casting parameters for DS CMSX-6 rods with the TSC process 
Rod 
diameter 
Shell 
thickness 
Pulling 
velocity  
Melt 
temperature 
Baffle, Thickness 
Cooling 
Ar 
13 mm 1 mm 1 mm/min 1420 °C 
alumina hollow 
particles, 15 mm 
weak      
0.5 L/min 
 
According to the performed metallographic examination, a typical DS microstructure 
was detected, see Figure 0.18. Based on the theoretic temperature interval of mushy 
zone in CMSX-6 (about 60 K), an extremely high temperature gradient G (in the 
mushy zone, see Figure 0.18 b3) of about 24 K/mm was calculated, which matched 
well the simulation results (25 K/mm). 
Compared to the conventional casting techniques, the TSC process are 
characterized by an extreme reduction of the primary dendrite arm spacing λ1 (Figure 
0.19), the eutectic γ/γ’ size dE, the eutectic γ/γ’ area fraction FE (Figure 0.20), and the 
precipitate γ’ size dP (Figure 0.21) as well as an elimination of the interdendritic 
porosity (Figure 0.20), which is caused by a much higher cooling rate with a 
considerably increased temperature gradient. To summarize, the general comparison 
of directional solidification and microstructure parameters of Ni-base superalloys for 
different processes is given in Table 0.4. 
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Figure 0.18: The directionally solidified casting part of CMSX-6 after macro-and 
micro-etching. a: macrostructure, b: microstructure close to chill rod (b1); in the 
middle (b2); solidification front with a short mushy zone of 2.5 mm (b3), c: 
microstructure of the transverse section  
 
 
Figure 0.19: Primary 
dendrite arm spacing 
after different casting 
processes  
 
TSC 
Solidification Direction 
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Figure 0.20: Microstructure of the transverse section after Bridgman (a) and TSC (b) 
processes 
 
        
 
Figure 0.21: SEM images showing γ’ precipitates (dark) in a γ matrix (light) in as-cast 
samples from (a) Bridgman and (b) TSC processes with the same process speed of 1 
mm/min 
 
Table 0.4: Comparison of directional solidification and microstructure parameter of 
Ni-base superalloy for different processes [Konter et al., 2000; Hollad, 2007] 
 Bridgman LMC GCC TSC 
Temperature  gradient G (K/mm) 2-3 - - 20-30 
Primary dendrite arm spacing λ1 (μm) 430 370 320 110 
Eutectic γ/γ‘ size dE (μm) 200 - - 30 
Eutectic γ/γ‘ area fraction FE (%) 9.5 8 7.5 1.5 
Precipitate γ‘ size dP (μm) 2-3 - - 0.6 
2 μm 2 μm 
(a) (b) 
(a) (b) 
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0.5 Summary, Discussion and Outlook 
In this research work, in order to overcome the specific disadvantages of the 
conventional Bridgman method, such as the thick shell mould, the low temperature 
gradient and the high device investment. The Thin Shell Casting (TSC) process is 
developed for the production of DS/SC components. 
 
(1) As one of the most important tasks in this work, a pilot TSC device was 
constructed and built up. It consists of a resistance furnace with a maximum heater 
temperature of 1700 °C, a programmable elevator with a speed range of 0.2-19.8 
mm/min and a water-cooled chill rod. 
 
(2) Using a numerical simulation, the temperature distribution in the TSC process of a 
superalloy (IN939) was systematically analysed. The influence of the process 
parameters on the solidification conditions was presented, such as the pulling 
velocity, the shell thickness and the cooling gas. As a result, a very high temperature 
gradient of about 25 K/mm was calculated under optimal process conditions. 
 
(3) Through the experimental tests of thin shell moulds, it was confirmed that the 
mould after 2-time sanding with a shell thickness of 1 mm provides the best 
combination of a sufficient strength and a minimal thermal resistance. 
 
(4) In the basic feasibility test with CuSn10, using simplified mould configurations, not 
only directional solidification but also single crystal growth were successfully 
performed. The boron nitride suspension (50% BN with 50% distilled H2O) and the 
hollow ceramic particles (Al2O3, 2-4 mm in diameter) were so far evaluated as the 
optimal coating and baffle materials, respectively. The feasibility of this new process 
was confirmed. 
 
(5) A number of fundamental experments of the TSC process were carried out with 
Al99.93 and AlSi7Mg0.3. The experimental results clearly demonstrate that, by 
introducing compressed air cooling, the solid/liquid interface was completely located 
under the melt level, which could ensure a continuous crystal growth and enable a 
high pulling velocity. In addition, under compressed air cooling, the axial thermal 
gradient increased as the mushy zone displaced upwards, i.e. close to the melt/baffle 
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interface. Concerning the microstructures of the AlSi7Mg0.3 samples, the 
experimental data for the secondary arm spacing λ2 exhibits an excellent agreement 
with the well-known exponential relationship (λ2 ∝  ̇
-1/3). Compared to the as-cast 
microstructure after a laboratory-scale LMC process (withdrawal speed: 25 mm/min; 
coolant: gallium-indium alloy) [Grüneberg et al., 2009], the as-cast microstructure 
after TSC trial V5-0.1 (pulling rate: 5 mm/min; compressed air cooing: 0.1 bar) 
possessed a parallel dendritic orientation and even a finer dendrite structure. The 
advantageous solidification direction (downward) of the TSC process could be 
another factor in the finer microstructure of the TSC components. In further analysis 
of the eutectic structures, the cooling rate during solidification was found to have a 
pronounced effect on the eutectic morphology and volume fraction. Obviously, 
increasing the cooling rate resulted in much finer microstructure and more 
homogeneous dispersion of Al-Si eutectic mixture, i.e. from coarse lamellar silicon 
(V1-0.1) to refined acicular silicon (V5-0.1).  
 
(6) Based on the experience from previous experiments, DS turbine blades with high 
densities (Al99.93 and AlSi7Mg0.3) were successfully cast after TSC process under 
compressed air cooling. Furthermore, utilizing a double-neck grain selector, SC 
blades were also achieved, which verified again the feasibility of the TSC technique. 
Unfortunately, due to the alloy property, a SC blade of AlSi7Mg0.3 was not obtained. 
 
(7) Thereafter, some DS rods of the superalloy CMSX-6 were successfully cast using 
the TSC process. According to the performed metallographic examination, an 
extremely high temperature gradient G of about 24 K/mm was calculated, which 
matched well the simulation result. Compared to the conventional casting techniques, 
the TSC process are characterized by an extreme reduction of the primary dendrite 
arm spacing λ1, the eutectic γ/γ’ size dE, the eutectic γ/γ’ area fraction FE, and the 
precipitate γ’ size dP as well as an elimination of the interdendritic porosity, which are 
caused by much a higher cooling rate with a considerably increased temperature 
gradient. 
As suggested by Konter and Thumann [Konter and Thumann, 2001; Elliott, 2005], 
the next generation materials for IGTs will not come from new material systems, but 
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from new processes that produce higher quality materials with properties that are 
improved through structure refinement. Thin Shell Casting is a novel process that can 
provide improved casting qualities, microstructures and significant cost reductions, 
opening a door to the next generation of IGTs. Anyway, since the TSC technique is a 
quite novel process for casting superalloys, there are still some open questions. The 
corresponding solidification processes (G and V) and the resultant microstructures 
should be systematically investigated and characterized compared with that of the 
conventional methods. The main objective of the following work step is the 
implementation of this technique for producing SC turbine blades of superalloys. In 
the future, to apply the TSC process in an industrial field, a modified TSC-furnace 
construction for a higher productivity is suggested in Figure 0.22. 
 
Figure 0.22: Construction of the modified TSC-furnace which might be applied to 
industrial field 
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1   Introduction 
Directional solidification (DS) techniques enable the solidification structure of 
materials to align in a specific direction. Specifically, directional or single crystal (SC) 
structures are formed to improve the mechanical properties of the underlying 
materials, e.g. the best creep property in the crystallographic direction [100] [Kear 
and Piearcey, 1967]. Industrial DS/SC turbine blades of superalloys are traditionally 
produced by using the well-known Bridgman process shown in Figure 1.1 a. But due 
to the thick ceramic moulds and the poor cooling condition, it is difficult to maintain a 
reasonably high temperature gradient necessary for the desired solidification 
structure. Demand for a more efficient DS/SC casting with a higher temperature 
gradient led to the development of the modified Bridgman techniques, such as the 
LMC (Liquid Metal Cooling) [Tschinkel et al., 1973] and the GCC (Gas Cooling 
Casting) processes [Konter et al., 2000]. Although both casting techniques result in 
higher cooling rates and finer microstructures compared to the conventional 
Bridgman process, they are still not widely applied in the industrial field due to the 
high device investments and the complicated procedures. Additionally, the heat 
transfer through the thick shell mould is to date nearly not improved by applying the 
LMC and GCC techniques, which is a remarkable barrier to further increase the 
thermal gradient and to cast large-sized DS/SC components.  
 
 
Figure 1.1: Illustration of conventional Bridgman process as well as the Bridgman-
base techniques: Liquid Metal Cooling (LMC) and Gas Cooling Casting (GCC). By 
withdrawing the shell mould downwards the component is solidified upwards             
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The objective of this work is to develop a novel directional solidification process - 
Thin Shell Casting (TSC), which is a combination of dynamical baffle, Bridgman, 
GCC and Czochralski technologies [Ma, Lu and Bührig-Polaczek, 2011], shown in 
Figure 1.2. According to this new technology a thin shell mould (with a shell 
thickness of 1 mm) mounted to a chill is dipped through the floating baffle into the 
melt bath. After mould filling, by pulling up the shell mould, a directional solidification 
can be performed in a downward direction. Due to the use of extremely thin shell 
moulds and the application of gas cooling, an efficient heat extraction can be 
achieved in comparison to the conventional and modified Bridgman techniques. In 
the casting trials with Cu- and Al-alloys, not only directional solidification (DS) but 
also single crystal (SC) growth were successfully performed. It confirms the feasibility 
of the new technology. Thereafter the TSC process was applied to directional 
solidification of the superalloy CMSX-6. Owing to the considerable increase in 
thermal gradient and in cooling rate, a much finer microstructure was detected in the 
DS samples of CMSX-6, i i.e. smaller dendrite arm spacing λ1, finer γ’ precipitate, 
smaller fraction of γ/γ’ eutectic. Additionally, the micro-porosity was almost 
completely eliminated. 
Figure 1.2: Principle of the thin shell casting 
(TSC) process 
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2   Directional Solidification and Single Crystal Processing 
2.1 Fundamentals of Directional Solidification  
Most metals and alloys are produced by the solidification process from the molten 
phase. For instance, a metal is usually continuously cast or ingot cast before forming 
it into bars or sheets. The bars then often serve as input to a sand-, permanent 
mould-, or investment-casting operation while the sheet is usually fabricated into 
useful items by welding; another solidification process. In casting processes, 
solidification science plays an important role [Kurz and Fisher, 1998]. 
According to the directional solidification process, some solidification parameters, 
such as the growth rate of the solid V and the temperature gradient G, can be 
separately controlled. Moreover, a well analysable microstructure is provided. Thus 
the directional solidification process is not only used to produce DS and SC turbine 
blades, but also for fundamental investigations in solidification science. The 
fundamental relationship between alloy chemistry, casting process variable (G and V) 
as well as solidification microstructure formation is comprehensively described in 
several text books and articles [Kurz and Fisher, 1998; Müller-Krumbhaar et al., 
2001; Trivedi and Kurz, 1994b]. Therefore just some important relationships are 
presented here. 
To investigate the alloy solidification process, it is useful to first consider the 
solidification process in a simple binary eutectic alloy system. The corresponding 
phase diagram can be idealized by drawing two straight lines, representing the 
solidus and liquidus temperatures as functions of alloy composition (see Figure 2.1 
right lower image). For an alloy of composition C0, a partitioning coefficient k can be 
defined such that: 
k = Cs / Cl                                                                                  (2.1) 
where Cs and Cl  are the element concentration in the solid and liquid respectively. In 
the case of k<1 corresponds to the enrichment and k>1 to the depletion of an alloying 
element in the liquid. Partitioning coefficients close to unity denote a weak 
segregation. In this case the partitioning coefficient is taken as a constant, Figure 
2.1. Plane front equilibrium solidification begins at Tl (the liquidus temperature) with 
an initial composition of kC0. If equilibrium is achieved, diffusion on the solid phase 
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Figure 2.1: A solutal pileup forms ahead of a moving solid/liquid interface. The height 
of the pileup is related to the alloy constitution, while the thickness of the diffusion 
layer scales with the interfacial velocity [Kurz and Fischer, 1998]. 
 
will occur, maintaining a homogenous composition of C0 in the solid and liquid 
throughout the solidification process, which ends when the alloy reaches Ts, the 
solidus temperature [Elliott, 2005]. However, the interstitial or substitutional diffusion 
on the solid phase needed to maintain equilibrium concentrations at the solid/liquid 
interface would require withdrawal rates on the order of 10-7 to 10-10 mm/min, which 
are only achievable in geological conditions [Mclean, 1983].  
In the case, a steady-state situation is assumed, where all of the concentrations are 
constant with respect to a reference frame moving with the solid/liquid interface, the 
solid forms at the solidus temperature. Thus the solid composition is equal to C0 of 
the liquid far ahead of the interface. As shown in Figure 2.2, due to the smaller 
solubility of the solid when the partitioning coefficient k<1, solute piles up ahead of 
the interface during the solidification process. A fully developed diffusion boundary 
layer is then formed in ahead of the solid/liquid interface as a result of the excess 
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solute rejected from the solid. The solute concentration in this boundary layer 
decreases exponentially from C0/k to C0, given by Kurz and Fischer: 
Cl = C0 + ΔC0 exp(-Vz / D)                                       (2.2) 
with the diffusivity D of the liquid.   
The thickness of the diffusion layer is given by the diffusion length. Mathematically, 
the thickness of the boundary layer in the equation 2.2 is infinite. For practical 
purposes it is taken as: 
δc = 2D / V                                                    (2.3) 
The diffusion length is equal to the base-length of a right-angled triangle having a 
height which equals the excess solute concentration at the interface, and an area 
which is the same as that under the exponential curve. As revealed in the equation, 
the equivalent boundary layer thickness is inversely proportional to the growth rate 
[Kurz and Fisher, 1998].  
 
 
Figure 2.2: Steady-State boundary layers at a planar at solid/liquid interface at two 
growth rates: V2 > V1 [Kurz and Fisher, 1998] 
Accordingly, during the solidification of an alloy, there is a substantial change in the 
concentration ahead of the moving interface. It causes a change in the local liquid 
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temperature of the melt. Thus, as illustrated in Figure 2.1 the concentration profile 
can be converted into a liquidus temperature profile with the equation: 
Tl (C0) - Tl = ml (C0 - Cl)                                      (2.4) 
where Tl(C0) and Tl are the liquidus temperatures corresponding to the initial alloy 
composition and the local equilibrium liquidus temperature, respectively. ml denotes 
the slope of the equilibrium liquidus line. 
 
 
Figure 2.3: Condition for constitutional undercooling at the solid/liquid interface, and 
the resultant structures. Tq and Tl are the actual temperature and the equilibrium 
liquidus temperature, respectively. (a) a planar interface; (b) a perturbed interface 
[Kurz and Fisher, 1998] 
 
To investigate the stability of the solid/liquid interface, it is also necessary to 
determine the actual temperature Tq, which is imposed by the temperature gradient 
arising from the heat flow occurring in the casting. As illustrated in Figure 2.3 b, with 
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a low thermal gradient, the actual temperature curve drops locally below the 
equilibrium liquidus temperature. Thus the melt in this (cross-hatched) region is 
constitutionally undercooled, i.e. in a metastable state. Consequently, the formation 
of cellular or dendritic microstructure results from a breakdown of the planar 
interface. Constitutional undercooling occurs when equation 2.5 is fulfilled [Kurz and 
Fisher, 1998]: 
G = (dTq / dz) < (dTl / dz)z=0                                          (2.5) 
where G is the temperature gradient in the liquid at the solid/liquid interface. 
According to the relationship illustrated in Figure 2.1, the (dTl / dz)z=0 can be given as: 
(dTl / dz)z=0 = VΔT0 / D                                              (2.6) 
where ΔT0 denotes the equilibrium solidification interval, which is calculated as: 
ΔT0 = ms (C0 - kC0) = msC0 (1 - k)                                  (2.7) 
with the slope of the solidus temperature ms.  
Then, the G/V critical condition for constitutional undercooling is given: 
G/V < ΔT0 / D = msC0 (1 - k) / D                                  (2.8)  
Referring to the G/V criterion, constitutional undercooling appears either for low 
temperature gradients and high solidification velocities or long solidification interval 
and a slow liquid diffusion. 
As is well known, morphological instability denotes a situation when the amplitude of 
a perturbation increases. The solidification front morphology changes from planar to 
cellular or dendritic, which depends on the degree of constitutional undercooling. The 
equation 2.8 is a first step towards a relationship between process and alloy 
properties [Warnken, 2007]. A stability analysis of propagating interfaces in 
solidification carried out by Mullins and Sekerka indicated that the moving interface is 
always morphologically unstable not only for equiaxed growth of pure substances 
and alloys, but also for directional solidification of alloys under certain conditions. For 
directional solidification of pure elements, the front always reveals a stable, planar 
morphology [Mullins and Sekerka, 1963, 1964] 
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As summarized in Figure 2.4, for one alloy, G and V are the main variables which 
determine the morphology and scale of the microstructure after solidification. It shows 
that, when the actual G/V value (lines and bands running from the bottom left to the 
upper right) increasingly deviates below the criterion for planar growth, a progression 
of microstructure forms as cellular, cellular/dendritic, dendritic and even equiaxed 
grains. On the other hand, the GV value (the cooling rate  ̇, lines running from upper 
Figure 2.4: Schematic summary of single-phase solidification morphologies [Kurz, 
1992; Krug 1998] 
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left to lower right) influences scale of the microstructure. By changing the G and V 
values, fine or coarse dendrites can be achieved. 
However, the solidification velocities required for planar as well as cellular front 
growth are too low for technical processes, thus dendrites are the commonly 
observed morphology. A typical dendritic microstructure is shown in Figure 2.5, 
which is usually characterized by three lengths: the primary dendrite arm spacing λ1 
(PDAS), secondary dendritic arm spacing λ2 (SDAS) and the tip radius R. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As first suggested by Papapetrou, the morphology of a dendrite tip can be described 
in first order approximation as a paraboloid of revolution [Papapetrou, 1935]. The 
R 
Figure 2.5: Growing dendritic 
microstructure characterized by 
the primary dendrite arm spacing 
λ1 (PDAS), secondary dendritic 
arm spacing λ2  (SDAS) and the 
tip radius R [Kurz, 1992; Krug 
1998] 
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mathematical solution of the diffusion problem for a paraboloid was then derived by 
Ivantsov who deduced the following equation [Ivantsov, 1947]:  
Ω = I(Pc) = Pc exp(Pc) E1(Pc)                                      (2.9) 
where Ω is the dimensionless undercooling of the dendrite tip and E1 the exponential 
integral function. The Péclet number for solute diffusion Pc is given:  
Pc = VR / 2D = R / δc                                                                (2.10) 
According to the Ivantsov function, which relates just the dendrite tip radius to the tip 
velocity, a tip can either have a large tip radius and propagate slow or a small tip 
radius and propagate fast. Thus an additional tip selection criterion is wanted to 
determine the operating point of the tip. To date the solvability criterion is widely 
accepted [Langer, 1986]. The marginal stability criterion gives similar results and the 
major difference is that solvability predicts that dendritic growth will not occur without 
anisotropic interfacial energy [Langer and Müller-Krumbhaar, 1978a,b]. However the 
tip selection criterion has the same form in both cases, and usually marginal stability 
shows sufficiently good results [Warnken, 2007]. The tip radius selection criterion is 
given by Müller-Krumbhaar [Müller-Krumbhaar et al., 2001], following the solvability 
equation as: 
   √
   
          
                                              (2.11) 
with the liquid concentration at the dendrite tip Ci and the selection constant      . 
The Gibbs-Thomson coefficient   depends on the interfacial energy γ and the entropy 
of fusion ΔS : 
Γ = γ / ΔS                                                                               (2.12) 
As is well known, the dendritic arm spacings of directionally solidified materials are 
very important microstructural features that impact mechanical properties of solidified 
components [Tien and Gamble, 1971]. The spacing and morphology of the dendritic 
arms directly influence interdendritic convection and segregation in the mushy zone, 
and then dominate the occurrence of grain defects (e.g. freckles) and porosity in the 
microstructure [Sarazin and Hellawell, 1988; Tewari and Shah, 1996; Pollock and 
Murphy, 1996]. Thus the variation of dendritic arm spacings for directional 
solidification has been intensively studied [Hunt, 1979; Trivedi, 1984; Somboonsuk et 
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al., 1984; Weidong et al., 1993; Han and Trivedi, 1994; Kurz and Fisher, 1998; Ding 
et al., 1996; Ma, 1998; Bouchard and Kirkaldy, 1996; Chopra and Tewari, 1991] 
Previous researchers have developed several empirical and theoretical expressions 
to relate the primary dendrite arm spacing λ1 with the solidification parameters (G and 
V) as well as the alloy composition (C0) for simple binary alloys. The first theoretical 
formulation to predict dendrite arm spacings was given by Hunt [Hunt, 1979]: 
λ1 = KG
-1/2V-1/4 = {2.83 (γD / ΔS)1/4 [ms (1 - k) C0 + kGD / V]
1/4} G-1/2V-1/4         (2.13) 
The first term K in Hunt’s model is a combination of material constants for a given 
alloy. According to the equation, the primary arm spacing scales inversely to the 
temperature gradient G and the tip front velocity V. It is worth mentioning here, in 
Hunt’s model, several assumptions are invoked to simplify the treatment: (1) the 
thermal and compositional gradients in the direction parallel to the growth direction 
are constant; (2) the tip of the dendrite is a steady parabolic shape; (3) the dendrite 
grows at minimum undercooling for a given growth velocity [Hunt, 1979]. 
Two years later Kurz and Fischer developed a modified model for the primary 
dendrite arm spacing λ1 utilizing the stability criterion proposed by Langer and Müller-
Krumbhaar [Kurz and Fisher, 1981]: 
λ1 = {4.3 [ΓDΔT0 / k]
1/4} G-1/2V-1/4                                     (2.14)          
In Kurz/Fischer’s model, it is assumed that the dendritic tips are smooth ellipsoids, 
and dendrites form uniform hexagon arrays. However for the dendritic growth, even 
though Hunt and Kurz/Fischer applied different assumptions, very similar expressions 
for dendritic growth were obtained. In fact, the only difference is in the derived alloy 
dependent constants [Li, 2002].  
Recently, a new analytic model was proposed by Ma and Sahm to explain the 
variation in primary arm spacing with growth velocity. Specifically, the effect of 
secondary arm growth on primary dendrite arm spacing was first considered [Ma and 
Sahm, 1998]. Ma and Sahm’s analysis concluded that: 
λ1 = 2π (kDΓ ΔT0)
1/4 (1 - Vc / V) G
-1/2V-1/4                              (2.15) 
where Vc is the critical velocity where the solid/liquid interface will break down from a 
planar to a cellular structure. 
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As shown in Figure 2.6, in Ma and Sahm’s model, dendrite growth is resolved into 
two parts: the growth of the centre core and that of the side arms, which are 
separately treated. The primary spacing is considered to be the sum of core diameter 
and twice the sidearm length. As long as the growth of side arms is suppressed, it 
becomes cellular growth. The side arm tip radius is assumed to be equal to the 
primary tip radius, and the side arm growth velocity is also assumed to equal the 
primary growth velocity (only for dendritic growth). Radial thermal gradients are 
neglected. As a result, this model gives a reasonable dependence of cell and 
dendrite spacing on the process parameters and shows a better agreement with 
experimental data (compared with other models) [Ma and Sahm, 1998].  
 
In general, all the models are often simplified to emphasize the relationship between 
PDAS (λ1) and G, V: 
λ1 ∝ G
-1/2V-1/4                                           (2.16) 
 
Figure 2.6: Schematic drawing of the resolve of 
dendritic growth. The primary spacing l consists of core 
diameter d and arm length S [Ma and Sahm, 1998] 
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At the same time, some researches on the secondary dendritic arm spacing SDAS 
(λ2) were carried out [Kattamis and Flemings, 1965; Flemings, 1974; Feurer and 
Wunderlin, 1977; Kurz and Fisher, 1998; Müller-Krumbhaar et al., 2001]. The SDAS 
(λ2) depends mainly on the solidification time tf or the cooling rate GV ( ̇) and alloy 
properties: 
λ2 = K1 (tf)
1/3 = K2 (GV)
-1/3                                     (2.17) 
λ2 ∝ (GV)
-1/3                                               (2.18) 
where K1 and K2 are simple alloy constants related to the dendrite arms ripening 
kinetics, which depends also on the solidification time and alloy properties. 
 
Table 2.1: Qualitative correlation between typical microstructural lengths and 
changes of some alloy properties and process parameters [Warnken, 2007]  
microstructure parameters C0 ↑ k (<1) ↑  ̇ ↑ G ↑ V ↑ 
R ↓ ↑ ↓ - ↓ 
λ1 ↑ ↓ ↓ ↓ ↓ 
λ2 ↓ ↑ ↓ ↓ ↓ 
λ2 coarsening ↑ ↑ ↓ ↓ ↓ 
 
The dependence of typical microstructure lengths with alloy and process properties is 
qualitatively summarized in Table 2.1. These relations are useful to estimate how 
changes of process parameters or alloy composition influence the microstructure. 
However, the situations get more complicated for complex alloys, e.g. superalloys, 
especially when the partitioning coefficient k is a variable, when some elements 
possess k > 1 or big differences in liquid diffusivities. In spite of that, the principal 
dependencies stay the same in most cases [Warnken, 2007]. 
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2.2 Application of Directional Solidification 
2.2.1 Application of Directional Solidification to Ni-base Superalloys 
2.2.1.1 Introduction of Ni-base Superalloys 
The development of superalloys began in the 1930s. At that time, due to the 
emerging of gas turbines in aircraft, materials of choice for the high-temperature 
applications were required [Betteridge and Shaw, 1987; Sims el al., 1987]. Then 
since the beginning of the 1960s, directionally solidified (DS) turbine blades made of 
superalloys were used in aircraft turbines. Since the middle of the eighties, the 
number of sales of industrial gas turbines (IGTs) has risen rapidly. In order to achieve 
higher efficiency of combined cycle power plants, the DS turbine blades of 
superalloys are applied to IGTs.  
 
Table 2.2:  Some examples of 1st - 5th generations of Ni-base superalloys nominal 
compositions (wt%), associated with alloy density ρ (g/cm3)  [Sims et al., 1987; Sato, 
2008] 
Superalloy Cr Co Mo W Al Ti Ta Hf Re Ru ρ 
 
 
1st 
CMSX-2 8 4.6 0.6 8 5.6 1 6 - - - 8.60 
CMSX-3 8 4.6 0.6 8 5.6 1 6 0.1 - - 8.60 
CMSX-6 10 5 3 - 4.8 4.7 2 0.1 - - 7.98 
PWA1480 10 5 4 4 5 1.5 12 - - - 8.70 
SRR99 8 5 - 10 5.5 2.2 3 - - - 8.56 
René N4 9 8 2 6 3.7 4.2 4 - - - 8.56 
 
 
2nd 
CMSX-4 6.5 9 0.6 6 5.6 1 6.5 0.1 3 - 8.70 
PWA1484 5 10 2 6 5.6 - 9 0.1 3 - 8.95 
René N5 7 8 2 5 6.2 - 7 0.2 3.0 - 8.63 
SC180 5 10 2 5 5.2 1 8.5 0.1 3 - 8.84 
 
3rd 
René N6 4.2 12.5 1.4 6 5.75 - 7.2 0.15 5.4 - 8.98 
CMSX-10 2 3 0.4 5 5.7 0.2 8 0.03 6 - 9.05 
TMS-75 3 12 2 6 6 - 6 0.1 5 - 8.89 
 
 
4th 
MX-4/PWA1497 2 16.5 2 6 5.6 - 8.3 0.15 6 3 9.2 
MC-NG 4 - 1 5 6 0.5 5 0.1 4 4 8.75 
TMS-138 3.2 5.8 2.9 5.9 5.8 - 5.6 0.1 5 2 8.95 
TMS-138A 3.2 5.8 2.9 5.6 5.7 - 5.6 0.1 5.8 3.6 9.01 
 
5th 
TMS-162 3 5.8 3.9 5.8 5.8 - 5.6 0.1 4.9 6.0 9.04 
TMS-173 3 5.6 2.8 5.6 5.6 - 5.6 0.1 6.9 5.0 9.11 
TMS-196 4.6 5.6 2.4 5 5.6 - 5.6 0.1 6.4 5 9.01 
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The major superalloy families are Ni-base (cast and wrought alloys), Co-base and 
Fe-base superalloys. However only Ni-base alloys are used for directionally solidified 
(DS) and single crystal (SC) components, although DS Co-Cr-C eutectic alloys were 
regarded as promising new developments for some time [Kurz and Sahm, 1975].  
 
A selection of typical SC superalloys is listed in Table 2.2. They are grouped in five 
generations, according to their Re, Ru contents and creep resistances. The 
properties of nickel-base superalloys can be selectively adjusted by the various 
alloying elements, so 8-9 alloying elements in one alloy are not uncommon. The 
effects of the individual alloying elements are quite different, see Table 2.3. Main 
alloying elements contributing to solid solution strengthening are Cr, Mo, W and small 
amount of Ta, while Re tends to form clusters at the γ-γ' interface [Durand-Charre, 
1997]. These are effective dislocation movement hinderer [Thomas et al.,  1994]. 
However, the addition of refractory elements (Cr, W, Re) can promote the formation 
of topological close packed (TCP) phases, which are detrimental to mechanical 
properties, especially when alloy is exposed to elevated temperature environments 
[Hino et al., 1998; Long et al., 2009; Liu et al., 2011]. Additionally refractory elements 
also lead to other problems, such as severe segregation [Heckl et al., 2010], 
increasing tendency of grain defects formation [Feng et al., 2006] and complicated 
solutionheat treatments [Hegde et al., 2010]; Thus in order to improve the phase 
stability (i.e. to allow higher Mo and Re additions), Ru is added in 4 th and 5th 
generations. Beside the solution strengthening, the precipitation hardening belongs 
to the main hardening mechanisms of Ni-base superalloy [Sims et al., 1987]. The 
most important for the higher temperature properties is the precipitation phase γ' 
(type: Ni3Al). During plastic deformation γ' precipitates are cut by dislocation couple 
(super-dislocations). The first creates an anti-phase boundary (APB) in the ordered γ' 
structure, the second removes the APB. This leads to an effective hardening 
[Hornbogen, 1982]. Current superalloy exhibit γ' volume fractions around 70%. The 
formation of γ' is promoted by the presence of the alloying elements Al, Ti and Ta. In 
addition, Co increases the solubility of other elements and the γ' volume fraction, 
especially at low temperatures. Carbide formations of Cr, Mo, W, Ti and Ta (grain 
boundaries strengthening) depend mainly on the carbon content. Hf, C, B and Zr act 
as grain boundaries stabilizing elements. By forming passive layers, Cr, Ti and Al 
increase the oxidation resistance. However, the effect of the individual alloying  
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Table 2.3: Effects of the major alloying elements in Ni-base superalloys [Durand-
Charre, 1997; Sato, 2008] 
Element 
Matrix 
strengthen
-ing 
Increase 
γ' volume 
fractions 
Grain 
boundaries 
strengthening  
Other effects 
Cr moderate moderate M23C6, M7C3 
improves corrosion resistance; 
promotes TCP phases 
Mo high moderate M6C, MC increases density 
W high moderate  
promotes TCP phases σ and μ 
(Mo, W) 
Ta high large   
Nb high large NbC promotes γ' and δ phases 
Ti moderate very large TiC  
Al moderate very large  improves oxidation resistance 
Fe  
γ' → β,η, 
γ'’ or δ 
 
decreases oxidation resistance; 
promotes TCP phases σ, Laves 
Co slight 
Moderate 
in some 
alloys 
 
raises solidus, may raise or 
lower solvus 
Re moderate   
retards coarsening; increases 
misfit; decreases oxidation 
resistance 
Ru 
at low T, 
e.g. 1073K  
  
improves phase stability against 
TCP phase formation, allows 
higher Mo and Re additions; 
refines γ/ γ' interfacial dislocation 
network (with Mo, Re); 
decreases oxidation resistance 
C moderate  carbides  
B, Zr moderate   
inhibits carbide coarsening; 
improve grain boundary 
strength; improves creep 
strength and ductility  
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elements can be quite ambivalent, e.g. Co improves the corrosion resistance but 
deteriorates the mechanical strength; M23C6 strengthens grain boundaries but 
initiates cracking inside grains [Meetham, 1984]. 
 
The need to increase the efficiency of turbines led to significant increases in 
operation temperatures and overall turbine sizes.  Specifically, increases in rotor inlet 
temperature (RIT) have steadily progressed over the years along with corresponding 
increases in gas turbine efficiency, see Figure 2.7. Without any turbine design 
changes, an increase in RIT by 56 K would increase the power output by 4% [Sims et 
al., 1987; Grünling and Bremer, 1991]. With a remarkable combination of mechanical 
properties at elevated temperatures, Ni-base superalloys have found widespread use 
in the critical components of turbine engines. Incredibly, in applications such as 
turbine blades and nozzles, these alloy exhibit excellent resistance to creep 
deformation even at temperatures approaching 80-90% of the melting point. 
Optimized alloy compositions in combination with new developments in casting 
technology increased the operation temperature from 1243 K (poly crystal blades, 
1960) to 1413 k (single crystal blades, 1995) [Durand-Charre, 1997]. In recent years, 
the implementation of cooling channels, thermal barrier coatings that can withstand 
higher temperatures and higher stresses have led to significant performance gains in 
gas turbine engines [Tin, 2001]. 
 
 
Figure 2.7: Rotor inlet temperature (RIT) and gas turbine efficiency improvements 
[Seth, 2000] 
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As mentioned above, although polycrystalline Ni-base superalloys are inherently 
strong, their properties can be improved through advanced casting technologies. As 
shown in Figure 2.8, in the case of rotor blades where the primary stress axis is 
along the length of the blade, the sensitivity of the creep life to the presence of grain 
boundaries is researched by Kear and Piearcey on Mar-M200, one of the first 
superalloys to be cast in single crystal form. Under creep loading of about 200 MPa 
and 980 °C, the removal of the transverse grain boundaries increases the creep 
ductility from below 5% to in excess of 25%. In single crystal form, the creep life is 
improved to greater than 100 h from about 70 h for the directionally solidified, 
columnar-grained structure [Kear and Piearcey, 1967; Reed, 2006]. All DS/SC 
superalloys exhibit a microstructure consisting of an fcc crystalline matrix. Grain 
boundaries, which weaken the material as high temperatures activate grain boundary 
creep and lower the crack initiation activation energy, are typically missing in SC 
components. Moreover, the mechanical properties (especially creep and fatigue 
resistance) of fcc are anisotropic and are the best in the [100] direction that 
possesses the low young’s modulus [Goldschimidt, 1994b; Knobloch et al., 1997; 
Sieborger et al., 2001; Wolf, 1988]. This is also the preferred dendrite growth 
direction of DS/SC casting, due to the fastest growth rate in this direction [Mclean, 
1983; Kurz and Fisher, 1998]. Thus mechanical properties of the final DS/SC 
components are significantly improved. Furthermore, by minimizing or eliminating the 
boundary strengthening elements i.e. Hf, C, B and Zr, the solvus temperature could 
be increased and allow additional refinement of the as-cast γ’ leading to high creep 
strength [Li, 2002]. 
 
2.2.1.2 DS/SC Casting Processes of Ni-base Superalloys 
Turbine blades of Ni-base superalloys are typically produced using the investment 
casting process, which was probably first developed in Mesopotamia about 3000 
BCE [Kurz and Fisher, 1998]. The steps involved in the conventional investment 
casting technique are shown schematically in Figure 2.9.  The process starts with 
wax pattern injection. For hollow blades, a ceramic core (which is a replica of the 
cooling passages required) is inserted into the wax pattern. These patterns are then 
arranged in clusters (wax assembly or tree) connected by wax replicas of the runners 
and risers, which enables several blades to be cast at one time. Next, the cluster is 
repeatedly coated with a ceramic slurry (consisting of binding agents and mixtures of 
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Figure 2.8: Comparison of creep properties for (a) equiaxed, (b) columnar crystal, 
and (c) single crystal  [Rolls-Royce plc, 1992; Kear and Piearcey, 1967] 
 
ZrSiO4, Al2O3 and SiO2) and stucco to build a ceramic shell mould around the cluster, 
i.e. the wax patterns. After forming a sufficiently thick shell, the mould is dewaxed 
and sintered for strength before casting. Ni-base superalloys are typically cast 
(~1500 °C) in a vacuum chamber for improved cleanliness and reduced oxidation. 
After the solidification is complete, the thick mould shell is removed and the internal 
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ceramic core is leached out by chemical means. In the end, the blades are machined 
and inspected. 
 
Figure 2.9: Schematic illustration of the investment casting process [Donachie, 2002] 
 
(1) Bridgman 
Conventional investment casting processes result in an equiaxed grain structure. In 
order to produce the mechanically superior DS or SC blades, solidification must 
occur in a controlled manner with a nominally uniaxial thermal gradient, causing the 
solidification tip to proceed in one direction. Thus, DS or SC blades of superalloys are 
cast by the Bridgman technique, which was originally developed in the early 1970s 
and has been the mainstay of DS Ni-base superalloys to this day, especially for the 
production of aero-engine scale components [Erickson et al., 1971, Goldschmidt, 
1994a; Sahm 1972, 1980; Sims et al., 1987]. As illustrated in Figure 2.10, the 
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Bridgman furnace is built up of an upper melting apparatus, a central mould chamber 
(heating zone) and a lower withdrawal chamber (cooling zone). The heating and 
cooling zones are separated by the baffle. Prior to casting, the charge ingot is loaded 
into a crucible positioned in the induction melting coil. The shell mould sits on a 
water-cooled copper chill plate and is raised into the central chamber. Additionally, a 
ceramic filter is usually located at the sprue to prevent ceramic particles from being 
swept into mould cavities. Thereafter, the furnace is pumped and valved. A vacuum 
of at least 10-4 mbar is achieved before preheating the mould to a temperature (~ 
1500 °C) above the liquidus (by a graphite resistance heater). Then, the charge ingot  
 
 
Figure 2.10: The principle of the Bridgman process for DS and SC turbine blades. 
The ceramic mould contains 3 to 5 blades [Paul, 1992] 
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is melted and poured into the shell mould. During solidification the mould is 
withdrawn (at a controlled rate 3 ~ 5 mm/min) into the cooling zone through a hole in 
the baffle centre. Heat transfer in the heating zone and the cooling zone is achieved 
via radiation. As a result, a uniaxial thermal gradient (2 ~ 4 K/mm) in the mould and 
the melt is build up. It is essential that the hole in the baffle should fit the mould 
shape as close as possible to sharpen the thermal gradient. 
 
 
Figure 2.11: Schematics of the starting grain growth of DS and SC castings by 
means of a grain selector or oriented seed crystal: (a) a right-angle grain section, (b) 
a helical grain section, (c) a long neck grain section and (d) seeding [Donachie, 2002] 
 
Solidification typically starts with the nucleation of randomly oriented grains on the 
chill plate. Thereafter, grains with the [001] orientation grow quickly along the 
direction of the heat flow (the turbine blade axis) [Kurz and Fisher, 1998]. Deviations 
of the [001] direction from the blade axis are commonly between 0° and 12°. 
According to the natural grain selection effect, grains aligned to the heat flux direction 
are able to grow faster, and thus overgrow less well aligned grains [Gandin et al., 
1999; Rappaz and Gandin, 1993]. Compared with the natural grain selection in DS 
castings, a single grain with an [001] orientation should be selected by using grain 
selectors or seeding techniques in SC casting, see Figure 2.11. Most typically, a 
simple 360° turn helix is added to the very base of the wax pattern as grain selector 
(Figure 2.11 b). Since this is not significantly larger in cross section than the grain 
size, only a single grain enters the cavity of the casing, which is then in SC form. 
(a) (b) (c) (d) 
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Alternatively, a seeding rod can be introduced at the base of the casting, see Figure 
2.11 d. After pouring the seed melts practically back and when solidification starts, a 
new crystal grows with an orientation consistent with that of the seed [Paul, 1992; 
Paul et al., 1993; Stanford et al., 2004]. The remarkable drawback of the seeding 
technique is that, during the pouring process the melt may penetrate to 
unpreventable gaps between the seed and the shell mould, resulting in the formation 
of stray grains [Paul, 1992]. Also the melt-back itself might induce stray crystal 
formation [Stanford et al., 2004; Warnken, 2007]. However, compared to the grain 
selector, the seeding technique provides better control over the crystal orientation 
[Warnken, 2007]. 
 
On an industrial scale very large furnaces are applied which can be two or more 
storey high, see Figure 2.12. One investment mould (cluster) possesses commonly 
five or more turbine blade cavities. The mould size depends on the blade size; 
smaller blades can be clustered easier. Though forming clusters increases the 
productivity of the casting process, the blades can also cover each other. This 
shadowing effect can lead to casting defects, such as freckles (the principle of 
freckles formation is introduced in the following chapter), as temperature 
inhomogeneities appear in the mould and melt.  
 
In some experiments performed by Ma, the freckles were exclusively found on the 
shadow sides of the samples, which face the central rod and could not be directly 
irradiated by the heater. On the other side facing the heater, no freckles were 
observed. This shadowing effect indicates an unsymmetrical thermal condition 
between the inner and outer side of the casting cluster and exhibits an important 
influence on freckling, see Figure 2.13 b [Ma, 2009; Ma, 2011]. A larger mushy zone 
or a larger dendrite interval is observed on the shadow side (Figure 2.13 a). This 
means a longer solidification time i.e. a lower cooling rate (Figure 2.13 c), which 
promotes the interdendritic flow (convection) and consequently results in the freckles 
formation on the shadow side of the casting samples (Figure 2.13 a) [Ma, 2011].  
 
Ideally the isotherms in the baffle region are fully flat, and perpendicular to the 
withdrawal direction [Nils, 2007; Elliott, 2005]. However due to the uneven thickness 
of conventional investment moulds as well as disadvantageous process conditions,  
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Figure 2.12: Industrial scale Bridgman furnaces are commonly two or more floor high 
devices. The upper floor possesses the control-unit and the induction furnace while 
the lower part hosts the cooling zone and grants access to the cooling chamber 
(sketch map provided by ALD) 
 
the isotherms of the melt can be curved. As shown in Figure 2.14 a, as a result of the 
hot spot effect named by Ma, an undercooled region emerges. While the local 
undercooling continuously increases, the undesired nucleation of a new grain (stray 
grain) occurs (Figure 2.14 b) [Ma, 2004]. To overcome these casting defects, several 
novel technologies were developed [Ma, 2004, Ma 2010]. In this research work, by 
applying a thin shell mould (1 mm) in the novel technology (Thin Shell Casting, which 
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is described in the next chapter), the hot spot effect (Figure 2.14) can be totally 
eliminated. Moreover, a much higher thermal gradient is expected to flatten the 
isotherms and shorten the mushy zone.  
 
 
        
 
 
 
 
heater side shadow side 
freckles 
(a) (b) 
melt 
mushy zone 
solid 
(c) 
Figure 2.13: Shadowing effect: 
(a) schematic representation of 
preferred freckles formation on 
the shadow side; (b) Illustration 
of mould alignment; (c) Cooling 
curves measured on the 
shadow and heater side, 
respectively [Ma, 2009; Ma, Wu 
et al., 2011] 
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Besides the abovementioned stray grain formation as well as the freckling, some 
other casting defects were observed in DS or SC superalloys; micro-pores are 
detected due to insufficient interdendritic feeding [Paul, 1992]; hot cracking appears 
according to the research by Zhang and Singer [Zhang and Singer, 2002]; large and 
low grain boundaries were investigated by Duhl and Bennet [Duhl, 1987; Bennet; 
1989]; silvers and zebras were also discussed [Bennet, 1989; Goldschmidt et al., 
1992; Paul, 1995]. 
 
 
 
 
 
 
 
The subsequent treatment of the superalloy components (after the investment 
casting process) is very expensive, since in the high security components for gas 
turbines in aircrafts and power stations, the highest quality is required.  
 
Micro-porosity is one of the biggest weaknesses of the SC components, which can 
shorten the fatigue life of casting components. To eliminate the porosity, the as-cast 
components are then treated by Hot Isostatic Pressure (HIP) process [Paul, 1995].  
 
Figure 2.14: Hot spot effect: (a) Schematic showing the formation of the undercooling 
zone at the extremity of the platform; (b) Formation of stray grain in turbine blades at 
the corresponding undercooling regions [Ma, 2004] 
 
(a) (b) 
A 
Q1 
Q2 
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To achieve optimum mechanical properties of Ni-base superalloys, a subsequent 
heat treatment consisting of a solution (homogenization) and an ageing process, is 
commonly necessary. The homogenization treatment is carried out at a temperature 
above the alloys γ’ solvus temperature, in order to fully dissolve the primary and the 
secondary γ’ phase as well as the residual γ/γ’ eutectic. This is the main objective of 
the homogenization heat treatment. Besides, the degree of micro-segregation should 
be reduced. After homogenization the material is cooled to room temperature in a 
controlled manner by blowing Argon into the heat treatment furnace. It can be seen in 
Figure 2.15, the longer treatment led to a full dissolution of primary γ’ and 
significantly reduced micro-segregation (the dendrites have almost disappeared). The 
shorter treatment also homogenized the material, but not to the same extend; 
interdendritic γ’ is still present. However, directionally solidified, multi-grain turbine 
blades are often not heat treatable, because of the presence of low melting 
interdendritic and inter-granular phases, which are necessary to stabilize the grain 
boundaries during high temperature exposure [Warnken, 2007]. The homogenization 
treatment time depends on the fineness of the as-cast microstructure, which is 
commonly characterized by primary dendrite arm spacing (PDAS) λ1 [Lohmüller, 
2002]. Khan has presented, by reducing the PDAS λ1 of CMSX-2 from 450 to 150 
μm, the keeping time at a homogenization temperature of 1315 °C can be reduced 
from about 4 hours to only 15 minutes [Khan, 1986]. In order to determine the 
homogenization time tWB, Flemings has given the equation:  
 
tWB = λ1
2Inδ / 4π2D                                            (2.19) 
 
where δ is the relative residual segregation after the homogenization treatment and D 
is the diffusion coefficient.  
 
After the homogenization process the ageing treatment is performed, aiming at the 
re-precipitation of fine secondary γ’ phase. For some alloys two or more step ageing 
is applied. The final microstructures exhibit well-aligned rows of γ’ precipitates, with 
cuboidal morphology. Note that, insufficient homogenization of microstructures can 
lead to the formation of plate-like, rafted γ’ structures [Hazotte and Lacaze, 1989; 
Warnken, 2007]. 
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(c) 
 
 
 
 
 
 
 
 
 
Since the beginning of the 1990s serious interest has been taken in the directional 
solidification of large IGT components [Seth, 2000]. However, the IGT-components 
are much bigger in cross-section and size, and can be up to 10 times larger and 20 to 
30 times heavier than aero-engine blades with the largest blades being almost one 
(a)  
(b)  
Figure 2.15: Microstructures of CMSX-4 with a λ1 of about 340 μm in the as-cast (a) 
and the homogenized states: (b) after a short homogenization treatment; (c) after a 
long homogenization treatment [Warnken, 2007]  
 
(c)  
500 μm  100 μm  
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Figure 2.16: Single crystal (SC) turbine rotor blade from an industrial gas turbine 
(IGT) and an aero-engine. Picture courtesy M.F.X. Gigliotti. General Electric CR&D 
 
meter in length and finished weights approaching 20 kg [Elliott, 2005]. The physical 
size and weight of the rotor blades in an IGT (Figure 2.16) present unique challenges 
to the casting technology. For the increased casting size, a much thicker shell mould 
should be applied, which leads to an inefficient heat extraction and thus a low 
thermal gradient. Additionally, the applied investment mould should be more stable 
(during pouring) against warping and cracking risk [Seth, 2000; Singer, 1994]. Using 
the conventional Bridgman process, only a low productivity could be reached. At the 
beginning of the Bridgman process, cooling occurs primarily by heat conduction 
through the casting to the cooled chill-plate. However, as a large casting is 
withdrawn, this method of heat extraction quickly becomes inefficient because of the 
low thermal conductivity of superalloys. Thus radiation through the vacuum to the 
water-cooled chamber walls becomes the dominant mode of heat extraction, 
resulting in low thermal gradients at the solidification front [Lund and Hockin, 1972; 
Kermanpur et al., 2000; Konter et al., 2000], and causing a high rejection rate of 
these castings due to defect formations, such as freckles and misaligned grains 
[D’souza et al., 2000; Hugo et al., 1999]. In order to maintain a stable solid/liquid 
dendritic interface, withdrawal rates must be reduced. A low withdrawal rate also 
~ 650 mm, 12 kg 
Industrial Gas Turbine  vs.  Aircraft Engine Blade 
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extends the process time, increasing shell-melt reaction, mould creep and cracking 
problems [Singer, 1994; Fitzgerald and Singer, 1997].  
In order to provide greater heat extraction and allow faster withdrawal rates for 
casting larger IGT components, several possible techniques have been developed 
and evaluated, such as liquid metal cooling (LMC) [Tschinkel et al., 1973; Giamei and 
Tschinkel, 1976], gas cooling casting (GCC) [Konter et al., 2000] and fluidized bed 
quenching (FBQ) [Nakagawa et al., 1980; Graham and Rauguth, 2002]. Additionally, 
to extract the heat from the mould fast enough, the heat conductivity of the ceramic 
shell has to be higher than in conventional investment castings [Robson, 2005]. All 
these techniques provide potentially further improvements upon the Bridgman 
process. LMC increases the heat extraction and the thermal gradient by introducing a 
metal coolant (with a low melting point) and a dynamic floating baffle. GCC relies 
upon high velocity inert gas to cool the casting as it is withdrawn from the heating 
zone. During FBQ, the mould and casting are withdrawn from the heating zone into a 
fluidized bed container to improve cooling [Elliott, 2005]. Since the LMC and GCC 
processes are more practical than the others, only these two techniques are 
described here. 
(2) Liquid Melt Cooling (LMC): 
The LMC process is carried out in principle as the conventional Bridgman technique. 
However, the heat extraction is accomplished by conduction and convection using a 
liquid metal coolant, which is much more efficient than radiation through a vacuum. In 
the early 1970s the LMC process was patented [Tschinkel, 1973]. As schematically 
shown in Figure 2.17, the shell mould is located on a chill plate. After the pouring the 
mould is withdrawn into a container of liquid metal. As a metal coolant, tin is first 
selected because of its low vapour pressure and melting point. Additionally, a 
laterally immersed stirrer in the coolant bath provides convection cooling in the 
coolant container.  
The first pilot plant was introduced by Erickson. Using conventional shell moulds, 
turbine blades were DS cast with a withdrawal speed of about 10 mm/min. The 
control of the coolant level (tin) was realized by an overflow tank. Wolfram was 
chosen as a cooling plate material [Erickson et al, 1974]. Afterwards, the LMC 
process was commonly utilized in small lab devices. As laboratory -scale metal 
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coolants, gallium, gallium-indium eutectic and indium-gallium-tin were applied [Sahm, 
1974]. A significant improvement of the LMC process was the development of  
 
 
Figure 2.17: Schematic diagram of liquid melt cooling (LMC) furnace for directional 
solidification (DS) [Elliott, 2004] 
 
Directional Solidification and Single Crystal Processing 
 
32 
 
dynamic baffles (ceramic beads), which float on the top of the coolant bath to isolate 
the cooling bath from the heating zone [Singer, 1996]. The dynamic baffle can fit the 
mould as close as possible during the casting process, despite cross-section 
changes of the casting components. As systematically investigated by Lohmüller, the 
baffle materials should possess a range of properties, such as high flow ability, 
outstanding insulation (i.e. low thermal conductivity), and low wetting with the liquid 
metal as well as stability in vacuum at high temperatures [Lohmüller, 2002]. A typical 
LMC furnace using a dynamic baffle is shown in Figure 2.18. 
 
Figure 2.18: The experimental LMC furnace at the University of Michigan: (a) the 
open vacuum chamber, (b) the coolant container filled with tin covered by a baffle of 
alumina beads, (c) the coolant container positioned below the mould heater during 
the casting process [Elliott, 2005]. 
 
Since the 1980s, aluminium is first applied to the LMC process for production of aero-
engine and IGT parts [Gerasimov, 1981; Stroganov et al., 1983; Shalin and 
Pankratov, 1992; Hugo, 1999; Kermanpur, 2000; J. Elliott, 2005]. Using LMC process 
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for casting small components, withdrawal rates as fast as 30 mm/min were achieved, 
while maintaining oriented crystal structures. In these investigations, the LMC 
process typically produced thermal gradients more than double those achievable with 
the Bridgman process [Hugo, 1999; Lohmüller et al., 2000; Giamei and Tschikel, 
1976]. Most importantly, the LMC process provided microstructural improvements 
including reduced primary dendrite arm spacing and micro-porosity, refined γ’ phase 
and carbide morphologies [Lohmüller et al., 2000; Grossman et al., 1999; Isobe and 
Noda, 1985]. At the same time, high cooling rates and withdrawal speeds were 
realized. As illustrated in Figure 2.19, Elliott indicated that the LMC cooling rates   
are approximate 1.5 to 9 times the cooling rate of the same Bridgman casting [Elliott, 
2004].                                          
 
 
Figure 2.19: LMC vs. Bridgman cooling rate ration comparison. Cooling rate 
calculated from primary dendrite arm spacings using PDAS λ1∝ G
-1/2V-1/4 [Elliott, 
2004]                                         
 
However, it is also striking to see that the cooling rates were not remarkably 
increased at thick sections, especially, when a constant withdrawal speed (2.5 
mm/min) was applied (see Figure 2.19). One should anticipate that despite an 
elimination of a bottle neck in the overall heat transfer process — the heat resistance 
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of the vacuum chamber, the effectiveness of the LMC process is limited by the heat 
resistance of the mould, and to a smaller extent, by the heat resistance of the 
vacuum gap. Though industrial demand for the directional solidification process with 
an increased cooling rate is obvious, wide application of the LMC process requires 
high initial investments, and for the tin process, the solution of certain mould 
technology problems [Konter et al., 2000]. The LMC furnace capital investment is 
about twice that of the Bridgman furnace. The additional capital investment becomes 
insignificant over a 30 year equipment life when considering improved productivity 
and casting quality. In addition, the complicated procedure of the LMC technique is 
also a potential barrier to wide acceptance in the industrial field. 
 
(3) Gas Cooling Casting (GCC): 
The GCC process is also a development of the Bridgman technique, which was 
developed and patented by ABB Alstom Power [Kats et al., 1999]. This novel 
technique is targeted to significantly improve the three meaningful heat transfer 
processes: heat transfer through the gap, through the mould shell and heat removal 
from the mould surface [Konter et al., 2000].  
 
In the GCC process shown in Figure 2.20, an inert pressurized cooling gas which 
does not react with the heated material, e.g. a inert gas, such as helium or argon or 
another inert fluid is applied. The inert gas flows emerging from the orifices or 
nozzles impinge on the surface of the ceramic part and are led away download along 
the surface. In the GCC technique, the heat is effectively removed from the mould 
outer surface by high velocity gas flow, and additionally, by radiation heat transfer 
(mould surface is colder compared to that in the Bridgman process). Furthermore, the 
high pressure gas-jet in the process of impingement cooling fills the porous mould 
and the vacuum gap with gas, predominately helium, which increases their heat 
conductivity. [Kats et al., 1999; Konter et al., 2000] 
 
Theoretical analysis of heat flux (during the various DS casting processes) conducted 
by Konter et al. show a significant advantage of the GCC technique over the 
Bridgman and LMC processes. Accordingly, as illustrated in Figure 2.21, the GCC 
casting trials show a finer as-cast microstructure compared to the existing 
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techniques, which provides certain potential for easier post-processing and longer 
fatigue life of casting components [Konter et al., 2000]. 
 
 
Figure 2.20: Schematic diagram of a gas cooling casting (GCC) furnace for 
directional solidification (DS) [Konter et al., 2000] 
 
 
From the furnace capital investment point of view, the GCC process does not require 
a replacement or a significant modification of the existing Bridgman furnace. The 
manifold with nozzles and attached gas supply can be easy installed in any DS 
equipment and investments in an additional gas and control device are marginal. The 
modified furnace can always function in the Bridgman process mode with only the 
Withdrawal 
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manifold removed. During the withdrawing process, the cooling gas parameters can 
be flexibly controlled. Moreover, the typically higher withdrawal speed also improves 
the plant economics [Kats et al., 1999]. 
 
 
Figure 2.21: Microstructures and primary dendrite arm spacings (PDAS) of DS Ni-
base Superalloy in as cast condition after the Bridgman, LMC and GCC casting 
[Konter et al., 2000] 
 
But, it is worth to be mentioned that only when the GCC is applied to small blade (< 
12” long), the costing savings from an increase in throughput is more than the gas 
cost. It is not sufficient to offset the cost increase from low yield (for transverse grain) 
resulting from rapid cooling from high velocity gas jets. No further evaluation is 
planned until a large blade (> 24” long) preferably with thicker cross section suitable 
for application of GCC is available [Howmet Castings]. Moreover, since the gap 
between the shell mould and the baffle is unpreventable, the cooling gas might flow 
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into the heating zone to lower the thermal gradient and even result in stray grain 
formation. Thus, the GCC process is still not applied in the industrial field. 
 
In general, to resist the melt impact pressure during the pouring, and to withstand the 
metallostatic pressure throughout the solidification process over several hours, thick 
shell moulds (7–10 mm) are utilized not only in the Bridgman but also in the LMC and 
GCC processes. Consequently, the heat transfer through the thick mould shell is still 
not significantly improved by applying the LMC and GCC techniques, which is a 
remarkable barrier to further increase the thermal gradient in DS castings. 
 
2.2.2 Application of Downward Solidification 
The Czochralski process shown in Figure 2.22 is a method of crystal growth 
commonly employed to cast single crystals of semiconductors. The process is named 
after Polish scientist Jan Czochralski, who discovered the method in 1916 while 
investigating the crystallization rates of metals [Czochralski, 1918]. Then the process 
was further developed by Teal and Little in 1950 and is widely applied today to the 
growth of large cylindrical ingots, or boules, of single crystal silicon [Teal and Little, 
1950].  
 
Figure 2.22: Schematic setup of a 
Czochralski crystal puller [Internet]. 
Photos provided by Wikipedia 
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The Czochralski equipment consists of three main components (Figure 2.22): 
1. a furnace, which includes a fused-silica crucible, a graphite susceptor, a 
rotation mechanism (clockwise as shown), a heating element, and a power 
supply;  
2. a crystal-pulling mechanism, which includes a seed holder and a rotation 
mechanism (counter-Clockwise); and  
3. an ambient control, which includes a gas source (such as argon), a flow 
control and an exhaust system. 
Figure 2.23: The single crystal ingot of silicon after the Czochalski process (a), 
which can be cut for making solar cells (b) and integrated circuits (c). Photos 
provided by Wikipedia 
(a)  (c)  
(b)  
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The Czochralski method begins by melting high purity polysilicon with additional 
dopants as required for the final resistivity in the rotating quartz crucible. A single 
crystal silicon seed is placed on the surface and gradually drawn upwards while 
simultaneously being rotated. This draws the molten silicon after it which solidifies 
into a continuous crystal extending from the seed. Temperature and pulling speed 
are adjusted to first neck the crystal diameter down to several millimetres, which 
eliminates dislocations generated by the seed/melt contact shock, and then to widen 
the crystal to full diameter. The desired diameter is kept until the SC rod is pulled out.  
The vast majority of the commercially grown silicon utilized in solar cells and 
integrated circuits is Czochralski silicon, due to the better resistance of the wafers to 
thermal stress, the speed of production, and the low cost. The industrial standard 
crystals range in diameter from 200 to 300 mm, are typically 1-2 m long (depending 
on the amount of silicon in the crucible) and of [100] orientation. At the next step, the 
diameter up to 450 mm, is currently scheduled for introduction in 2012 [Intel, 
Samsung and TSMC]. Silicon wafers cut from the SC silicon rod are typically about 
0.2–0.75 mm thick, and can be polished to great flatness for making integrated 
circuits, or textured for making solar cells, see Figure 2.23 [Intel, Samsung and 
TSMC]. 
 
 
Figure 2.24: Schematic diagrams of (a) Czochralski (b) EFG and (c) String Ribbon 
processes [Franke, 2000] 
Further developments of the Czochralski technique enable the production of 
polycrystalline films on an industrial scale. These include the Edge defined Film-fed 
(a)  (b)  (c)  
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Growth (EFG), Figure 2.24 b, and the String Ribbon technique, Figure 2.24 c. In the 
EFG process a hollow octagon tube of sheet silicon is pulled from a moulding (die) 
positioned on the melt surface. During the process, the melt is fed by capillary force. 
A pulling speed of 17.5 mm/min was achieved [Kalejs and Schmidt, 1998]. While the 
hollow silicon tube is self-stabilizing in the EFG method, two straps are applied to the 
String Ribbon process in order to stabilize the lateral boundary of a thin silicon film 
[Wallace et al., 1998].  
Although silicon is very reactive in the molten state with atmospheric oxygen, both 
processes are operated in atmospheric furnaces under protective gas. In these open 
systems as shown in Figure 2.25, not only EFG-tubes but also string-films with a 
thickness of 300 m and a length of several meters can be continuously pulled. 
 
  
 
Due to the simple procedure and the favourable thermal conditions of the Czochralski 
technique, Lin and Kou as well as Lan et al. have utilized the modified Czochralski 
process (floating shaper method) to pull some SC rods of low temperature materials, 
such as tin and NaNO3 [Lin and Kou, 1993a, b; Lan et al., 1996]. Then, this method 
was applied to a Ni-base superalloy PWA1480 [Li and Kou, 1997]. The modified 
pulling method is shown schematically in Figure 2.26. The melt is held in an alumina 
(a)  (b)  
Figure 2.25: Production of silicon films by the (a) EFG and (b) String Ribbon 
processes [Luque and Hegedus, 2002] 
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crucible, and covered with an alumina disk possessing an aperture at its centre. This 
floating disk acts as a shaper to define the cross-sectional shape of the crystal. The 
thermocouple near the aperture is connected to a temperature controller which 
regulated the power of the graphite heater, in order to control the aperture 
temperature during crystal growth. The molybdenum ring acted as a weight to help 
bring the melt slightly above the aperture. According to the experiment conducted by 
Li and Kou, a SC seed tip (PWA148) was dipped into the melt, about 1 h was allowed 
for the tip to melt and the melt temperature to stabilize. Then the seed rod was pulled 
without rotation to promote crystal growth. After the crystal grew to its desired full 
diameter (13 mm), the meniscus of the melt was kept at around 1 mm by adjusting 
the aperture temperature. The pulling speed was around 0.33 mm/min initially and 
gradually increased, e.g. up to 1.67 mm/min. It is worth mentioning here the pulling 
process with the superalloy was also conducted in an argon atmosphere. As a result, 
a SC rod in the [100] orientation was successfully cast [Li and Kou, 1997]. 
Unfortunately, this floating-shaper technique is limited to pull simple shapes, such as 
rods or sheets, i.e. is unable to cast the components, e.g. turbine blades, having 
changed cross-sections.  
 
 
Figure 2.26: Floating-shaper crystal pulling with temperature control of the shaper 
aperture [Li and Kou, 1997] 
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In recent years, a few experimental studies have been carried out in order to 
investigate the influence of growth directions on the resultant microstructures, such 
as the dendritic spacings [Li et al., 1999; Yu et al., 2000; Hui et al., 2002; Chen et al., 
2003; Spinell et al., 2004; Spinell et al., 2005]. For downward solidification trials (to 
cast Al alloys), a casting assembly designed by Spinell et al. is shown in Figure 2.27 
[Spinell et al., 2004]. The device is built up in such a way that the the heat is 
extracted only through the water-cooled system at the top, promoting vertical 
downward directional solidification. A stainless steel split mould is applied. The lateral 
inner mould surface is covered with a layer of insulating alumina to minimize radial 
heat losses. The upper part of the split mould is closed with a water-cooling chamber 
made of stainless steel. The alloys are melted in situ and the lateral electric heaters 
control their power to achieve a desired superheat. To begin solidification, the electric 
heaters are disconnected and at the same time, the water flow is initiated. A 
rotameter is used to control water flow. 
 
Figure 2.27: Schematic representation of the casting assembly for downward 
solidification: (1) water-cooled chamber: stainless steel (AISI 310); (2) 
thermocouples; (3) stainless steel (AISI310) mould; (4) casting; (5) insulating ceramic 
shielding; (6) rotameter (4-36 LPM); (7) upper insulation; (8) data logger and data 
acquisition software; (9) electric heaters; (10) temperature controller [Spinell et al., 
2004]  
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3   Experimental Principle and Device 
3.1 Thin Shell Casting Principle 
The Thin Shell Casting (TSC) process is a combination of Bridgman, Gas Cooling 
Casting (GCC), dynamic baffle and Czochalski techniques [Ma, Lu and Bührig-
Polaczek, 2011]. The casting process is schematically illustrated in Figure 3.1. At the 
beginning, the overheated melt is kept at a constant temperature in a refractory-fibre 
crucible (located in an electric resistance furnace). The melt level is very close to the 
top of the crucible and covered with a layer of dynamic baffle (conventionally applied 
to the LMC technique), which can fit the mould as close as possible throughout the 
casting process. Hence, the cooling and the heating zones are separated by the 
dynamic baffle. 
 
 
Figure 3.1: Illustration of the TSC process. (a) Dipping the shell mould through the 
baffle into the melt bath; (b) Mould filling; (c) Pulling up the mould and applying gas 
cooling, to perform a downward solidification. 
 
Then, a very thin shell mould (with a shell thickness of about 1 mm) is mounted to a 
Cu chill rod. As shown in Figure 3.1 a, a thin slug of the same metal is stuffed at the 
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bottom of the shell mould in order to prevent the penetration of the dynamic baffle 
during the mould filling. 
 
Thereafter, the mould is dipped through the floating baffle into the melt bath for 
mould filling, see Figure 3.1 b. After the slug melted, the melt fills into the mould 
cavity. It is worth mentioning here that a thermocouple (Type K) inserted in the chill 
rod records the rod temperature and indicates whether the melt touches the rod or 
not, in other words, whether the mould filling is finished.  
 
As soon as contact with the chill rod is established, the melt begins to solidify. Under 
a programmed pulling process, the thin shell mould is fully pulled upwards through 
the floating baffle. Throughout the pulling process, a cooling gas (conventionally 
applied to the GCC technique) is utilized to enable an efficient heat extraction from 
the solidified component to the surrounding. The solidification front should be located 
below the melt level for a continuous crystal growth without interruption. As a 
consequence, directional solidification of the casting component is performed 
downwards. In addition, with a grain selector or a seeding material, single crystal 
solidification can be achieved.  
 
After a material feeding in the melt bath, the above described casting process can be 
repeated, so that a high productivity of the TSC technique is attained. Compared to 
conventional and modified Bridgman techniques, the TSC process possesses the 
following advantages: 
 
(1) A very simple casting device 
The TSC equipment requires only an electric resistance furnace, a programmable 
elevator and a cooling system (including the gas cooling and the chill rod). To cast 
superalloy components, a sealed chamber for vacuum or protective gas atmosphere 
is probably demanded. Due to abandoning the use of costly radiation heating, the 
extremely expensive graphite heating elements and their peripheral attachment are 
no longer required. This eliminates the corresponding high equipment costs. The 
energy consumption is also significantly reduced in comparison to that in the 
Bridgman furnace, which commonly possesses two or more storeys. 
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(2) An extremely thin shell mould 
In the conventional and modified Bridgman methods, the mould shell must be thick 
and strong enough to resist the melt impact pressure during pouring, and withstand 
the metallostatic pressure throughout the solidification process over several hours. 
As illustrated in Figure 3.2, the mould cross-sections represent the shell thickness of 
a typical ceramic mould applied in a Bridgman furnace for the production of aircraft 
turbine blades [Wagner, 2001]. After ten standard stucco-and–slurry cycles, an 
average shell thickness of about 7 mm is reached. Due to unevenness in the 
stuccoing process, a maximum shell thickness of 12 mm is measured on the concave 
side while 6 mm on the convex side and 4-5 mm on the edge side. It is clearly 
established that the larger the casting component, the thicker and the more uneven 
the mould shell is. Thus, a more detrimental heat flux condition from casting 
component through mould shell to surrounding is unavoidable.  
 
 
 
Figure 3.2: Shell mould sections representing the wall thickness in the blade (a) and 
in the shroud (b) of a typical aircraft turbine blade for the Bridgman method [Wagner, 
2001] 
 
In the novel method, the hydrostatic melt pressure on the mould cavity is equalized 
by the melt pressure on the mould outside. Hence, the shell thickness can be 
significantly reduced as to merely keep the mould shape. According to the 
experience from the mould processing experiments in this work (described in chapter 
5.1), the blade mould is well-producible with a shell thickness of only about 1 mm 
while possessing a sufficient inherent strength against deformation and crack risks, 
see Figure 3.3. It enables a distinct reduction of the mould material and the 
(a) (b) 
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manufacturing expense. Most importantly, the cooling condition of the solidifying 
components can be significantly improved due to the clear reduction of the heat 
extraction resistance and the uniform heat flux. Since the shell thickness (~ 1 mm) 
could be kept even for considerably increased component sizes, the TSC technology 
is expected to cast large IGT blades in the future. 
  
 
Figure 3.3: Shell mould sections in the blade (a) and in the shroud (b) of a turbine 
blade for the thin shell casting process 
 
 
(3) A steady and reliable mould filling 
During the melt pouring in the Bridgman furnace, especially for large blades, the 
mechanical impact stress in the mould cavity is so large that shell moulds and inner 
cores can be damaged. Additionally, despite the thick shell and the coated carbon 
fibre (strengthening the mould), the melt can still leak out once the shell mould 
cracks. Then, the extremely costly heating elements will be damaged. However, with 
the TSC process, the risks are completely avoided by a steady and reliable mould 
filling. Even when the mould cracks, no parts of the casting device are at risk. 
 
Another advantage of the steady mould filling is the reliable application of the 
seeding technique to cast SC components. In the conventional seeding process, the 
seed crystal is partly remelted back by the melt pouring. Unfortunately, there is a 
strong convection during pouring, which can break dendrites and then lead to the 
formation of stray grains [Paul, 1992; Stanford et al., 2004; Yang et al., 2005]. See 
Figure 3.4, to remove stray grains, a helical grain selector between the seed and the 
blade is required [Yang et al., 2005]. Moreover, according to the conventional seed 
technique, the gap between the seed rod and the inner wall of the shell mould is 
1 cm 
1 mm 
(a) (b) 
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unpreventable. During the pouring process, the melt may penetrate into this gap and 
form stray grains [Paul, 1992]. Consequently, a reliable application of the seeding 
technique represents a considerable challenge to the Bridgman technique. In the 
TSC process, the seeding rod can be stably melted-back. By optimizing the casting 
temperature, the immersion depth and time of the chill rod, the seeding process is 
well controllable. Most importantly, the melt cannot penetrate upwards into a possible 
gap between the seed and the shell mould. Hence, the TSC technique provides a 
very favourable process condition for the seeding process, which ensures the 
epitaxial structure transmission in a defined orientation, e.g. [100]. 
 
 
Figure 3.4: (a) Seed and helical selector section of a turbine blade casting macro-
etched to highlight the stray grains; (b) optical micrographs of transverse sections 
showing the nucleation and growth of stray grains at 2.5 and 29.5 mm above the 
melt-back interface. A: seed; B: melt back; C: runner feed and D: helical selector 
leading to the turbine blade casting. Note: grain boundaries are highlighted in (b) 
[Yang et al., 2005] 
 
 
(4) Optimization of the solidification condition and casting quality 
The specific disadvantage of the Bridgman method, namely the inefficient heat 
extraction and the low temperature gradient, can be overcome by the use of dynamic 
baffles, thin shell mould and cooling gas in the TSC process. 
 
ii 
i 
ii 
i 
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One essential ingredient in the TSC process is dynamic baffles, which float on the 
melt surface and fit perfectly the shell mould with changed cross-section, serving as a 
conforming thermal barrier between the heating and cooling zones of the TSC 
device. With eliminated large gaps between the baffle and the mould, a stationary 
solidification condition, i.e. a high temperature gradient between the solidified part 
and the melt bath is build up.    
 
The heat extraction from the solidified casting part mainly depends on the thermal 
conduction through the ceramic shell mould, which can be approximated by the 
following equation: 
 
Qmd = αmd (Tinner - Touter) = λmd (Tinner - Touter) / δmd                                   (3.1) 
 
where αmd, λmd and δmd are the heat transfer coefficient, the thermal conductivity and 
the shell thickness of the ceramic mould, respectively. Tinner and Touter are 
temperatures on the inside and outside surfaces of the mould shell.  
  
It is easy to see that a much thinner shell thickness provides a more efficient and 
uniform cooling condition for the casting components. According to a numerical 
simulation for the LMC process with dynamic baffles, by halving the shell thickness 
(from 10 to 5 mm), the temperature gradient G is increased by about 30% [Lohmüller, 
2002]. In this research work, the shell mould thickness δmd is reduced to only about 1 
mm. Additionally, by applying an additional gas cooling, the temperature on the 
outside surfaces of the mould wall Touter will be significantly decreased.  As a result of 
the considerably improved heat extraction, a very high temperature gradient G is 
expected. 
 
The increase in the temperature gradient G, as is well known, improves the casting 
microstructure and consequently the mechanical properties of single crystal casting 
components corresponding to the following aspects: 
 
 Reduction of misoriented grains [Ma and Sahm, 1995]; 
 Finer dendrite and smaller dendrite arm spacing [Ma, 2000; Ma and 
Sahm,1998]; 
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 Finer γ'-and γ/γ'-phase in the as-cast state [Konter et al., 2000]; 
 Lower segregation of alloying elements [Konter et al., 2000]; 
 Reduction of recrystallization risk during heat treatment [Paul et al., 1993]. 
Since the finer microstructure results in shorter heat treatment time and better 
homogenization.  
 
Additionally, due to the complete avoidance of freckles formation, the component 
quality will be further improved (see below). 
 
 
(5) Complete avoidance of freckles formation, a main defect of DS/SC turbine 
blades 
Directional solidification as well as single crystal casting techniques require stringent 
process controls to avoid the formation of stray grains and their deleterious grain 
boundaries. Of these defects, the phenomenon of freckling is worthy of further 
consideration since freckle formation during directional solidification has become an 
increasingly important problem, as the levels of refractory alloying additions to 
superalloy single crystals have increased to improve high temperature mechanical 
properties [Tin, 2001]. The probability of freckles occurrence has been found to be 
strongly dependent upon the composition of the alloy being cast, especially in the 
fourth- and fifth-generation Ni-base superalloys, which are rich in heavy elements 
such as Re and Ru, are particularly prone to this effect [Reed, 2006]. Freckles, 
known as channel segregates in the interior of castings, are thin chains of defects 
composed of small randomly-oriented equiaxed grains, second phase particles, 
porosity and defects enriched with the eutectic composition [Giamei and Kear, 1970; 
Amouyal and Seidman, 2011]. After macro-etching, freckle chains are detected at the 
outside surface of the turbine blade with defect trails in the direction anti-parallel to 
gravity. An example is shown in Figure 3.5 a [Reed, 2006]. Freckle grains obviously 
weaken the high temperature creep rupture and fatigue resistance of DS/SC casting 
components due to the transverse grain boundaries and the local composition of low 
melting point eutectic [Tien and Caulfield, 1989]. 
 
The heterogeneities in chemical composition are always found to be on the scale of 
the primary dendrite arm spacing, with the freckles being found in the interdendritic  
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Figure 3.5: (a) Photograph of blade section illustrating freckle chains [Reed, 2006]; 
(b) Principal representation of the interdendritic convection in Bridgman process, 
which leads to freckles formation; (c) Theoretical illustration of the solidification front 
in the TSC process: the interdendritic melt is stabilized by the inverse density 
gradient  
 
regions. Chemical analysis of the freckle chains confirms that they are enriched with 
regard to elements which partition to the interdendritic liquid, e.g. Al, Ti, Ta and Nb, 
where these are present [Reed, 2006]. The evidence supports the following 
mechanism for the freckling effect, as shown in Figure 3.5 b. On thermodynamic 
grounds, the alloying elements prefer to partition to either the interdendritic regions or 
alternatively to the dendrite trunks themselves. Experiments using electron probe 
microanalysis (EPMA) indicate that heavy elements Re and W (e.g. W with a density 
ρL = 19.3 and a partition coefficient k = CS/CL = 1.4) partition to the dendrite core, and 
that light elements Ta, Ti and Al (e.g. Ti: ρL = 4.5, k = 0.5; Al: ρL = 2.7, k = 0.8) 
segregate to the interdendritic regions [Jackson and Reed, 1999]. In particular, when 
the Re and W contents become large in the dendrite core, liquid in the interdendritic 
region is nearly depleted in these heavy elements, causing it to become lighter than 
the liquid at a temperature closer to the liquidus. Considering the gravitational forces 
that are generally aligned anti-parallel to the solidification direction in the Bridgman 
process, a so-called ‘density inversion’ appears [Telesman et al., 2004], see Figure 
3.5 b. If the enhanced buoyancy of the interdendritic liquid (due to the loss of heavy 
elements) overcomes frictional effects which prevent the lighter liquid from rising, 
freckles 
a b c 
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thermosolutal convection currents, or ‘freckle plumes’ are set up. Thus, the dendrite 
arms can be broken in the mushy zone. These dendrite fragments then serve as 
nuclei for misoriented grains not only in the mushy zone but also ahead of the 
solidifying interface [Schneider and Beckermann, 1995; Gu et al., 1997], causing the 
formation of freckles and stray grains [Boden et al., 2010]. 
 
In the past two decades, significant research has been reported on freckling 
phenomena. Unfortunately, freckles remain a common and serious manufacturing 
defect in many directionally solidified alloy systems of commercial importance [Hirvo 
et al., 1999; Reed et al., 2009; Madison et al., 2010; Ma, Ziehm et al., 2011; Yuan 
and Lee, 2012].  
 
As shown in Figure 3.5 c, in the TSC method, the solidification direction is totally 
reverted and is generally parallel to the gravitational forces. Thus, the unstable 
density distribution due to thermal and compositional differences, namely the driving 
force for freckles formation, will be completely avoided. The resulting density gradient 
(top light, bottom heavy) even plays a positive role for the stabilization of the melt and 
for the dendrite growth in the mushy zone, resulting in a reduction of misoriented 
grains.  
 
(6) Other benefits 
 In the Bridgman process, the thick ceramic mould should be preheated (e.g. 
up to about 1500 °C to cast superalloys) before melt pouring, which can take 
several hours through heat radiation in a vacuum. However, using the TSC 
technique, an extra mould preheating is no longer needed, since the thin shell 
mould will be continuously heated up during the mould immersion process. 
 
 More effective gas cooling can be realized in the TSC process compared to 
the Gas Cooling Casting (GCC) process, since the mould shells are uniform 
and much thinner (see Figure 3.2 and 3.3). 
 
 By using hermetic slag-baffles, the superalloy might be cast under an argon 
atmosphere. Thus, a vacuum chamber can be abandoned to lower the device 
investment. 
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Anyway, the novel TSC process might possess the following disadvantages, which 
should be overcome after the process optimization: 
 
(1) Due to an effective cooling condition as well as a high nucleation ability on the 
outside surface of the thin shell mould, the melt can solidify on the mould outside 
surface and form a gradually thickened metallic shell, which durably affects the 
solidification condition of casting components and also means an increased material 
consumption as well as a raised effort of mould removal, as shown in Figure 3.6. 
 
 
 
Figure 3.6: The casting part of AlSi7Mg0.3 with a thick metallic shell after the TSC 
process 
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Nevertheless, by using a thermal coating material (e.g. boron nitride suspension: 
50% BN with 50% distilled water) and optimizing the casting parameters, a quasi-
non-wetting outside surface can be achieved, see Figure 3.13.   
 
(2) The casting components solidify at a lower hydrostatic melt pressure than that in 
the Bridgman method, which might lead to an increase in porosity. However, after a 
subsequent HIP treatment (Hot Isostatic Pressure), the porosity can be eliminated. In 
addition, the feeding capacity during solidification can be improved through 
controlling the position of the solid/liquid interface, which should be located below the 
melt level for a positive melt pressure at the solidification front. 
 
As is well known, porosity is one of the influencing factors in the fatigue life of casting 
components. What matters is not the pore contents, but the pore sizes [Goldschmidt, 
1994a]. With the novel method, a much finer dendrite structure is expected. It leads 
to correspondingly small interdendritic spaces, thereby significantly limiting the size of 
individual pores. 
 
(3) The pulling velocity should not be too high, in order to keep the solidification front 
below the melt surface and ensure a continuous crystal growth without interruption. 
Anyway, on account of the thin shell mould and the effective gas cooling, the 
solidification rate of the new casting process is expected to be faster (i.e. higher 
casting yield) than that of the conventional Bridgman method. 
 
(4) During the casting process, the melt might be contaminated by the mould shells. 
However, through a continuous material feeding, the melt is partially refreshed. In 
addition, the shell mould surface will be coated with a non-wetting material, such as 
boron nitride (BN). 
 
 
3.2 TSC Device Construction 
As one of the most important tasks in this work, a pilot TSC device was constructed 
and built up. To avoid the influence of magneto-fluid dynamics on the melt bath (in an 
induction furnace) and to ensure a stable casting temperature, a controllable electric 
resistance furnace is applied. 
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Since the furnace is designed to melt different metal alloys including superalloys, a 
maximum operating temperature of up to 1700 °C is required. Furthermore, 
considering the long working time and the detrimental oxidation condition in the 
heating chamber, as heating elements of high quality, four Kanthal® Super Heating 
1800 were chosen, as shown in Figure 3.7. The Kanthal® super heating element is a 
unique material combining the best properties of metallic and ceramic materials. Like 
metallic materials it has good heat and electric conductivity and like ceramics it 
withstands corrosion and oxidation and has low thermal expansion. It is not affected 
by thermal shock and is strong enough to withstand many years of service as a 
heating element [Kanthal® Super Handbook]. 
 
 
 
Figure 3.7: The heating chamber consisting of four Kantahl Super Heating elements 
1800  
 
Enabling a possible installation of a vacuum chamber for casting superalloys in the 
future, the heating chamber and the control cabinet are separated. Using a 
thermocouple (Type B) inserted in the heating chamber and a controller 
EUROTHERM MODEL 2416 PID in the control cabinet, the furnace temperature is 
well displayed and programmable with a precision of +/- 5 °C, see Figure 3.8. In 
addition, the heating chamber is first isolated by fibrous material (Al2O3) and then 
covered with stainless steel plates. At the top the heating chamber, the steel-net 
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cover is installed to protect the hands from contacting the heating zone as well as the 
electric components (Figure 3.12 a).      
 
 
Through the upward opening of the heating chamber (Figure 3.7), a crucible with a 
maximum size, height and inner diameter up to 280 and 160 mm respectively, can be 
positioned in the heating zone, which enables the casting of large DS components.  
According to the high casting capacity, a programmable elevator (230 V, AC / 50 Hz) 
with a maximum pulling capacity of 40 kg is utilized in the TSC device. The elevator 
is equipped with a servo motor Festo EMMS-AS-55, a motor controller Festo CMMS-
AS, an electric cylinder with spindle drive Festo DNCE and a 5.7” touch panel 
connected to the pulling system controller in a custom control cabinet (Figure 3.9).  
The electric cylinder Festo DNCE is a mechanical linear axis with piston rod. The 
drive component consists of an electrically driven spindle, which converts the rotary 
motion of the motor into the linear motion of the piston rod. For the TSC device, a 
pulling arm is installed at the top of the electric cylinder that provides a pulling 
velocity range from 0.2 to 19.8 mm/min. With the motor controller, the pulling arm 
movement can be programmed with six different pulling velocities according to six 
pulling distances by inputting parameters on the touch panel, see Figure 3.10 left. 
Here a maximum linear movement of 500 mm can be achieved, which is sufficient in 
Figure 3.8: The control cabinet of the 
electric resistance furnace 
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accord with the maximum crucible size. During the casting process, as shown in 
Figure 3.10 right, the current position and pulling velocity of the pulling arm will be 
displayed on the panel.  
 
 
Figure 3.9: The custom control cabinet with a dimension of 400 * 500 * 210 mm 
(picture from Festo Group) 
 
  
Figure 3.10: The touch panel to program and control the movement of the pulling 
arm  
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As the chill rod, a Cu bar with a diameter of 13 mm is attached to a Cu cylinder, 
which is connected to two stainless steel tubes, as illustrated in Figure 3.11 a. The 
cooling water with a maximum pressure of up to 16 bar runs through the steel tubes 
and the channels within the Cu cylinder. Thus, a constantly low temperature of the 
Cu cylinder is kept to cool the chill rod. In this work, a cooling water pressure of 2.5 
bar is applied, which is adequate for the utilized casting size. During the casting 
process, the cooling water temperatures are well measured by two thermometers for 
entrance and exit, respectively, see Figure 3.11 b. Then, the water cooling system is 
attached to the pulling arm and is manually movable in the vertical direction, see 
Figure 3.12 a. 
                           
Figure 3.11: The water cooling system: a. a chill rod screwed to a water-cooled Cu 
cylinder; b. water pipes with thermometer and manometer 
 
The electric resistance furnace, the elevator system and its controller with the touch 
panel are finally fixed to a steel table as a pilot TSC workbench, illustrated in Figure 
3.12 a. The TSC feasibility study and trials presented in this dissertation have been 
completely carried out with this TSC device. The applied crucibles with a wall 
thickness of 10 mm were also produced by the standard stucco-and–slurry technique 
water 
cooling 
water  
a b 
chill rod 
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at the Foundry Institute of RWTH Aachen University. As illustrated in Figure 3.12 b, 
the melt crucible is located in a protective tub, which is made of fibrous foil. The 
protective foil is so thin (2 mm) but possesses a high strength to protect the 
expensive heating elements from the corrosive melt if the crucible cracks during the 
long casting process. 
 
Figure 3.12: The pilot TSC workbench (a) and schematic representation (b) 
 
During the TSC process, the cooling gas is applied through two Cu tubes with a 
number of gassing nozzles (Figure 3.13). To keep the cooling gas away from the 
baffle and the melt, the Cu tubes are positioned above the dynamic baffle with a 
distance of about 10 mm. Notably, as investigated in the GCC process by Konter et 
al. [Konter et al., 2000], the jet normal to the mould surface results in a relatively low 
cooling effectiveness due to a vortex formation from reflected gas and poor gas flow 
along the profile. Effectiveness of the inclined jet is much higher, with a maximum in 
a wide range of inclination angles from 30° to 60°, showing a heat transfer coefficient 
two times higher compared to one for a gas jet normal to the surface. Therefore, in 
our case, an inclination angle of the jets to the mould surface of 45° is designed. 
Considering the influence of the distance from the nozzles to the mould on the 
cooling effectiveness, the closer to the mould surface, the higher cooling 
effectiveness was achieved [Konter et al., 2000]. Hence the Cu tubes should be 
adjusted to fit the mould as close as possible during the casting process. Additionally, 
a b 
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the total jet pressure is precisely controllable from 0 to 4 bar by using a pressure 
regulator, as shown in Figure 3.14. 
 
Figure 3.13: Casting of single crystal turbine blade of Al 99.93 using TSC process 
 
Figure 3.14: The pressure regulator with a manometer to control the total jet 
pressure of cooling gas 
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One of the foremost objectives in this research is to acquire a database of thermal 
measurements recorded with thermocouples from the experimental castings. To this 
end temperature readings are made once per second throughout the entire casting 
process. Based on the recorded database, the solidification conditions, such as the 
position and the length of the mushy zone, the cooling rate as well as the thermal 
gradient can be represented. Furthermore, the temperatures of the chill rod and the 
melt are also recorded by thermocouples to monitor the casting process.  
 
Figure 3.15: The OMEGA® 8-channel USB thermocouple data acquisition module 
TC-08 [OMEGA® User’s Guide] 
 
In all the conducted TSC casting trials, an OMEGA® 8-channel USB thermocouple 
data acquisition module TC-08 (Figure 3.15) is connected to a windows-based PC as 
a thermal measurement and recording system. The TC-08 module is designed to 
measure a wide range of temperatures using any thermocouple that terminates in a 
miniature size thermocouple connector. Additionally the TC-08 can also measure 
other sensors using a ±70 mV range. Featuring built-in cold junction compensation 
(CJC), the TC-08 has an effective measuring range of -270 to 1820 °C (the actual 
temperature range depends on the thermocouple type being used). The TC-08 can 
be used with thermocouple types J, K, T, E, R, S, B and N and outputs can be 
viewed and saved on the PC. The unit is accurate to 0.2 % ± 0.5 °C and has a 
resolution of better than 0.1 °C for most thermocouple types [OMEGA® User’s Guide]. 
Experimental Principle and Device 
 
61 
 
3.3 Standard Experimental TSC Process 
Though different alloys and mould shapes were applied in the experimental works, 
the casting steps were practically the same. Therefore a typical DS casting trial of Al 
alloy rod including thermal measurement is introduced as an instance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to monitor and record the temperature development in casting parts during 
the TSC trials, some alumina sheathes were placed on a wax rod (Ø13) according to 
the desired arrangement (Figure 3.16 b). After the mould processing, the alumina 
sheathes were fixed to the mould shell (Figure 3.16 a), enabling the insertion of 
thermocouples. To be beneficial to mould filling, an air vent was designed. Thus, 
during the mould immersion, the residual air in the mould cavity could be easily 
10 mm 
chill rod 
(Ø 12) 
air vent 
a 
b c d 
Figure 3.16: Fixation of the thin shell mould to the Cu chill rod: (a) Top view of the 
mould; (b) Wax pattern with three alumina sheathes for thermocouples; (c) Separated 
mould and chill rod; (d) Fixation using a Cu stick 
T0 
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pressed out. Using a thermocouple (T0) at the very top of the Cu chill rod (Ø12), see 
Figure 3.16 c, the mould filling process could be well controlled, which indicated 
whether the melt touched the chill rod. As intuitively shown in Figure 3.16 d, the thin 
shell mould was finally mounted to the chill rod by a Cu stick.  
The experimental TSC steps are schematically illustrated in Figure 3.17. Being 
different from the abovementioned TSC principle, the metallic slug was abandoned, 
and a dynamic baffle was first introduced after the mould immersion, in order to 
simplify the casting trial.  
At the beginning process, the steel rod was mounted to the pulling arm with a 
distance of x+∆x from the rod end to the upper edge of the pulling arm (Figure 3.17 
a), where x indicates the casting length and ∆x the over-dipping length for an 
improved mould filling. Here ∆x is an empirical value according to a large number of 
TSC trials, which is commonly taken as 10 mm for rod casting while 15 mm for blade 
casting, mainly depending on the component shapes. Then, the pulling arm was 
driven downwards until the mould bottom just touched the melt surface. This location 
was set as the zero position for the pulling arm (Figure 3.17 a). Thereafter, the steel 
rod was swiftly manually moved downwards (with the distance x+∆x) for mould filling, 
see Figure 3.17 b. After the mould immersion the melt bath was covered with a layer 
of a dynamic baffle (e.g. hollow alumina beads ranging in diameters from 2 to 4 mm). 
The baffle thickness was taken as about 10-15 mm. During the mould filling process, 
the temperature development (T0) at the chill top was recorded and simultaneously 
displayed in the connected laptop, see Figure 3.18. Once the T0 reached the critical 
value (also an empirical value indicating the melt touches the chill rod), which is 300 
°C for Al or Cu alloys and 500 °C for Ni-base superalloys, the water cooling system 
was turned on to chill the melt and promote solidification (Figure 3.17 d and 3.18 b). 
After several ten-seconds, the T0 stopped dropping rapidly, i.e. a quasi temperature 
equilibrium was achieved (Figure 3.18 c). At the same time, the pulling arm began to 
pull the mould with a programmable rate range (Figure 3.17 d). At the beginning of 
the TSC process, heat extraction was sufficient through heat conduction from the 
casting to the chill rod. Thus the cooling gas (e.g. compressed air for Al alloys) was 
first applied after the chill rod was pulled above the baffle (Figure 3.17 e). After the 
whole component was pulled out of the melt, the DS casting was finished (Figure 
3.17 f).   
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Figure 3.17:  
 
b 
a 
c 
d 
e 
f 
Experimental Principle and Device 
 
64 
 
 
Figure 3.18: The temperature development at the chill top (T0) during the mould 
immersion and pulling process: (a) Beginning of the mould immersion; (b) Beginning 
of the water chilling; (c) Beginning of the mould pulling 
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3.3 Heat Flux Analysis 
The heat fluxes in the Bridgman, LMC and GCC processes were systematically 
analysed and presented by Konter et al. (using a stationary 1-D heat flux 
approximation) [Konter et al., 2000]. The results are here shortly introduced. 
Thereafter, the heat flux analysis in the TSC technique is conducted. 
 
(1) Bridgman process [Konter et al., 2000] 
 
Figure 3.19: Schematic of the heat fluxes through the metal (Qmt), gap (Qgap), mould 
(Qmd) and from the mould (Qr) in the Bridgman process. 
 
The schematic of the heat fluxes in the conventional Bridgman technique is illustrated 
in Figure 3.19. As is well known, at the beginning of the solidification process, the 
heat is removed by conduction along the ingot to the chill plate. However, for large 
casting components, heat conduction is mostly limited to the starter, i.e. the grain 
selector, and the main part of the casting component solidifies during the process, 
where the predominant heat loss is a combination of: 
 heat conduction Qmt through the portion of mushy and solidified metal located 
above the baffle, with the heat transfer coefficient αmt, 
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 heat transfer Qgap from the metal through the vacuum gaps between the solid 
metal and the mould shell to the mould inner surface with the heat transfer 
coefficient αgap (radiation), 
 heat conduction Qmd through the thick porous mould shell to the mould outer 
surface with the heat transfer coefficient αmd (conduction and radiation), 
 heat transfer Qr from the mould outer surface to the cooling surroundings 
(water-cooled chamber walls) with the heat transfer coefficient αr. 
The heat fluxes in the multistage cooling processes can be assumed to be the same. 
Thus, the combined heat flux QBridgman can then be described using a combined heat 
transfer coefficient α in the Newton heat transfer law with certain approximation, as 
given in equation (3.2). 
QBridgman= Qmt = Qgap = Qmd = Qr = α (T - T0)                          (3.2) 
where T and T0 are the temperature of the melt (for superalloy taken as 1700 K) and 
the cooling zone (for the cooled furnace surface taken as 400 K), the combined heat 
transfer coefficient α is defined as: 
                        1/αBridgman = 1/αmt + 1/αgap+ 1/αmd +1/αr                               (3.3) 
For a large casting component: 
αmt = λmt / δmt = 25 / 0.025 = 1000 W/m
2K                             (3.4) 
αmd = λmd / δmd = 1.5 / 0.012 = 125 W/m
2K                            (3.5) 
where λmt and λmd are the thermal conductivity of metal and mould, δmt and δmd are 
the thickness of the portion of the metal described above (taken as 25 mm) and the 
mould shell thickness (12 mm) respectively.  
αgap = 4εeffσT
3 = 4(1/(1/ε1 + 1/ε2 -1))σT
3 = 230 W/m2K               (3.6) 
αr = σ (ε3T1
4 – ε4T0
4) / (T1 - T0) = 120 W/m
2K                        (3.7) 
where σ is the Steffan – Boltzmann constant, ε1, T; ε2, ε3, T1 and ε4, T0 are the 
emissivity and the temperature of the metal surface; mould inner and outer surface 
and the absorption and the temperature of the surroundings respectively (ε1 = 0.4, ε2 
= 0.5, ε3 = ε4 =0.45, T = 1580 K, T1 = 1500 K, T0 = 400 K) 
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Thus, 
αBridgman = 1/(1/1000 + 1/230 +1/125 +1/120) = 46 W/m
2K                 (3.8) 
QBridgman = 46 (1700 - 400) = 60 kW/m
2                              (3.9) 
As indicated in the equation (3.8), the heat flux in Bridgman process is mainly limited 
by the heat exchange through the thick mould shell and the vacuum gap as well as 
from the mould outer surface to the cooling surrounding. 
 
(2) Liquid Metal Cooling process (Sn) [Konter et al., 2000] 
In the LMC process as shown in Figure 3.20, in order to considerably increase the 
thermal gradient, i.e. the process effectiveness, a liquid metal coolant (taken molten 
Sn as an example, then T0 = 550 K) as well as a dynamical baffle are applied.  
 
Figure 3.20: Schematic of the heat fluxes through the metal (Qmt), gap (Qgap), mould 
(Qmd) and from the mould (Qgas) in the LMC (Sn) process. 
 
Then the heat transfer coefficient in LMC process αLMC is given as: 
1/αLMC = 1/αmt, d.baf. + 1/αgap+ 1/αmd +1/αlmc                                (3.10) 
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with                          αmt, d.baf. = λmt / δmt = 25 / 0.022 = 1136 W/m
2K                    (3.11) 
and the αLMC in Sn coolant:  
αLMC = Nu λSn / L = 6500 W/m
2K                                (3.12) 
where Nu is the Nesselt criterion, calculated using a combination of the Prandtl 
criteria and the Grassgoff criteria, and L is the length of the dipped mould.  
Thus,  
αLMC = 1/(1/1136 + 1/230 +1/125 +1/6500) = 75 W/m
2K                 (3.13) 
QLMC = 75 (1700 - 550) = 86 kW/m
2                             (3.14) 
By using the LMC process, the last part of the equation (3.13) nearly disappears. 
However, the heat flux through the vacuum gap and the thick mould shell has still not 
been improved. 
 
(3) Gas Cooling Casting process [Konter et al., 2000] 
 
Figure 3.21: Schematic of the heat fluxes through the metal (Qmt), gap (Qgap), mould 
(Qmd) and from the mould (Qgas) in the GCC process. 
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Targeted to further improve the heat transfer processes, the GCC process was 
developed by ABB ALSTOM Power, as shown in Figure 3.21. In the GCC process, 
heat is effectively removed from the mould outer surface by high velocity gas flow 
(taken as 510 W/m2K), additionally, also by radiation heat transfer (90 W/m2K): 
αgas = 510 + 90 = 600 W/m
2K                                        (3.15) 
Considering gas penetration into the gap and the porous mould, the corresponding 
heat conductivities can be increased. The following values have been measured by 
Konter et al.: 
αcm = λmd / δmd = 2.0 / 0.012 = 166 W/m
2K                            (3.16) 
αgap = 300 W/m
2K                                              (3.17) 
Thus, 
αGCC = 1/(1/830 + 1/300 +1/166 +1/600) = 81 W/m
2K                 (3.18) 
The surrounding temperature is taken as 450 K in the GCC process: 
QLMC = 81 (1700 - 450) = 101 kW/m
2                             (3.19) 
 
(4) Thin Shell Casting process 
As illustrated in Figure 3.22, the benefits of the dynamical baffle from the LMC 
process and gas cooling from the GCC process are combined in the TSC process. 
Moreover, by using the thin shell mould, the meaningful heat transfer process 
through the mould shell is significantly improved compared to that in the 
abovementioned processes. 
The heat transfer coefficient in TSC process αTSC is described as 
1/αTSC = 1/αmt, d.baf. + 1/αgap+ 1/αmd +1/αgas                            (3.20) 
with αmt, d.baf. = 1136 W/m
2K from the LMC process 
and αgap = 300 W/m
2K, αgas = 600 W/m
2K from the GCC process 
as well as the heat transfer coefficient in the thin shell mould: 
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αmd = λmd / δmd = 2.0 / 0.001 = 2000 W/m
2K                         (3.21) 
Then, 
αTSC = 1/(1/1136 + 1/300 +1/2000 +1/600) = 157 W/m
2K               (3.22) 
According to the comparable cooling condition of the TSC and the GCC technique, 
the T0 is also taken as 450 K: 
QTSC = 157 (1700 - 450) = 196 kW/m
2                             (3.23) 
 
 
Figure 3.22: Schematic of the heat fluxes through the metal (Qmt), gap (Qgap), mould 
(Qmd) and from the mould (Qgas) in the TSC process 
 
More intuitively, the calculated heat transfer coefficients and heat fluxes for the 
different DS/SC techniques are illustrated in Figure 3.23. It has found that the TSC 
process enables the best cooling condition over the other processes, which should 
result in a reasonably higher temperature gradient, a finer microstructure and 
consequently improved component properties.  In addition, due to the extremely thin 
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mould shell and the effective gas cooling, a further improved heat transfer through 
the gap and a lower surrounding temperature can be expected, which should be 
experimentally measured at the future work step. 
 
 
Figure 3.23: Heat transfer coefficients and heat fluxes calculated for the Bridgman, 
LMC, GCC [Konter et al., 2000] and TSC processes 
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4   Numerical Simulation of TSC Processing (IN939) 
As is well known, the thermal conditions during solidification determine the resultant 
cast microstructure and that microstructure directly influences the mechanical 
properties of casting components. Thermal conditions are also directly related to 
grain structure, micro-porosity and defect occurrence [Elliott, 2005]. Prior to the TSC 
trials, to save time and cost of the expensive casting experiments, numerical 
simulation was performed using an in-house 3D FLUENT® model, which enabled 
advanced predictions of the temperature distribution, the isotherm curvature and the 
position of the solidification front under varied processing parameters. 
Since the TSC process is a totally novel technique, it also requires a new numerical 
model. However, the numerical simulation is a part but not the main work of this 
research work. Thus to reduce the simulation complexity, a simple dummy blade was 
chosen as the casting part (Figure 4.1). Considering the quite similar thermo-
physical properties of Ni-base superalloys, the IN939 was utilized as the casting alloy 
in the simulation work while its properties have been systematically investigated and 
presented by Hediger [Hediger, 1988]. The nominal alloy composition is listed in 
Table 4.1.  
Table 4.1: Nominal alloy composition for IN939 [Hediger, 1988] 
Elements Ni Cr Co Ti W Al Ta Nb Fe others 
IN939 47.51 22.36 19.14 3.73 2.0 1.89 1.43 1.06 0.49 0.393 
  
The FEM-mesh model was generated using the software Gambit®, see Figure 4.1. 
The top temperature of the copper chill rod was kept at a constant temperature of 
300 K. The thickness of the baffle was taken as 16 mm. In the simulation process, 
the temperature-dependent thermo-physical properties of the respective materials, 
such as ceramics and the used superalloy IN939, were simplified through the curve 
fitting to the existing data (presented by Hediger). Two instances concerning the 
thermal conductivity of IN939 and the ceramic shell (Al2O3) are shown in Figure 4.2 
and 4.3. These fitting formulas were then collected and stored in the database of the 
numerical model (Table 4.2 and 4.3).  
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Figure 4.1: Schematic of the FEM-mesh model for TSC processing 
 
Table 4.2: The properties of superalloy IN939 [Hediger, 1988] 
Solidus temperature, TS K 1523 
Liquidus temperature, TL K 1593 
Thermal conductivity,   W/mK 4.67x10
-11 T4 – 1.44x10-7 T3 +    
1.48x10-4 T2 – 4.4x10-2 T + 13.52 
Density,   kg/m3 1.74x10
-10 T4 – 1.18x10-6 T3 +    
1.86x10-3 T2 – 1.30 T + 8394.77 
Cp J/kgK 0.17
 T + 393.02 
Viscosity,   kg/ms 3.74x10-2 – 1.82x10-5 T 
Melting heat J/kg 242000 
 
Table 4.3: The properties of mould material Al2O3 [Hediger, 1988] 
Thermal 
conductivity,   
W/mK -8.04x10
-16 T5 + 6.90x10-12 T4 -  2.31x10-8 T3 + 
3.82x10-5 T2 – 3.21x10-2 T + 13.73 
Density,   kg/m3 -0.07 T + 2772.99 
Cp J/kgK 2.71x10
-13 T5 – 1.86x10-9 T4 -  5.04x10-6 T3 – 
6.77x10-3 T2 + 4.65 T – 147.45 
casting part 
chill rod 
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(b) 
Figure 4.2: The thermal conductivity of superalloy IN939: (a) FEM-calculation 
result [Hediger, 1998]; (b) Fitting curve 
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(b) 
Figure 4.3: The thermal conductivity of the ceramic shell (Al2O3): (a) FEM-
calculation result [Hediger, 1998]; (b) Fitting curve 
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The simulation work was carried out by considering varied process parameters, such 
as the application of the cooling gas (Ar), the thickness of the mould shell dF and the 
pulling velocity V. Correspondingly, four simulated TSC processes are listed in Table 
4.4. The heat transfer parameters between the corresponding materials were then 
calculated (Table 4.5) according to the heat flux analysis introduced in chapter 3.3. 
Thus the calculation procedure is not introduced here. Some parameters of the 
boundary condition, such as baffle and surrounding temperatures, were 
experimentally measured in the TSC casting with the Superalloy CMSX-6 and set as 
constants for each simulation process. 
Table 4.4: Simulated TSC processes with IN939 
TSC 
Process 
Pulling rate    
V (mm/min) 
Shell thickness   
d (mm) 
Gas cooling Casting 
temperature T (K) 
a 1 1 no  
1723 
 
b 4 1 no 
c 1 5 no 
d 1 1 yes 
 
Table 4.5: The applied heat transfer parameters and boundary conditions  
 
dF = 1 mm
 dF = 5 mm
 
Surrounding 
Temperature
 
T0 (K) 
Combined heat 
transfer 
coefficient α 
(W/m2K) 
Surrounding 
Temperature
 
T0 (K) 
Combined heat 
transfer 
coefficient α 
(W/m2K) 
without gas 
cooling 
1000 70 1000 59 
with gas 
cooling 
450 157 - - 
 
The temperature simulation began with the equilibrium of the temperature distribution 
after the complete mould filling. To reflect the change in the location-dependent 
boundary conditions of the shell mould wall, the mould shell was partitioned in 
several segments of 0.5 mm, e.g. wall 1, wall 2… in Figure 4.1. According to the 
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planned pulling velocity as well as the movement step of 0.5 mm, the consecutive 
individual simulations were performed with the corresponding boundary conditions, 
e.g. for a pulling velocity of 2 mm/min, each simulation cycle is 15 s. Finally the 
transient temperature distribution and the progress of the liquidus isotherm as well as 
the mushy zone during the solidification process were visualized by the tested 
simulation results. 
 
Figure 4.4: Temperature distribution in the TSC processes (superalloy) with varied 
parameters (v = pulling velocity in mm/min, dF = shell thickness in mm). The baffle 
thickness is 16 mm and the melt bath temperature is 1450 °C. 
 
The simulation results under different casting conditions are presented in Figure 4.4. 
As shown in the reference process (a), the solidification front (TL) resides slightly 
below the melt level, which allows a contact between the solid and liquid phases as 
well as a continuous crystal growth without interruption. With a higher pulling velocity 
(process b) or a thicker mould shell (process c) the solidification front rises upwards 
into the baffle. Due to the negative pressure at the solid/liquid interface, the casting 
quality and even the continuity of the solidification process can be endangered. In 
process d, by using gas cooling the casting component is cooled more effectively and 
the solidification front moves deeply into the melt bath, which should lead to a 
significantly improved casting quality and enable a higher pulling velocity. By 
analysing the temperature distribution in the region behind TL (process d), a 
temperature gradient G of about 25 K/mm is evaluated. This is much higher 
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compared to that of the Bridgman method and is expected to result in a much finer 
microstructure of the casting components. 
Notably, a thermal convection ahead of the solidification front was detected in the 
simulated TSC Process, as shown in Figure 4.5, which might result from the density 
difference of the melt (caused by the thermal gradient). Its influence on casting 
components could be investigated in the following metallographic examination. 
 
 
Figure 4.5: Velocity vectors before the solidification front of process d (Figure 4.4) at 
40 min 
 
 
 
 
 
  
Velocity Vectors Colored By Velocity Magnitude (m/s). 
Time = 40 min, V = 1 mm/min, dF = 1mm, gas cooling.               
FLUENT 6.3 [3d. pbns. Lam. unsteady] 
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5   Experimental Work and Characterization 
5.1 Production of Thin Shell Mould  
Compared to the thick shell moulds with an uneven thickness used in the Bridgman 
furnace, a remarkable advantage of the TSC process is the significant reduction of 
the shell mould thickness. Due to the absence of the hydrostatic melt pressure in the 
mould cavity, the ceramic mould can be so thin as to merely keep the casting shape.  
 
 
Sample A (1-4 times Sanding) 
Segment D S D S D S D S D 
A1 X X X       
A2 X X X X X     
A3 X X X X X X X   
A4 X X X X X X X X X 
 
Sample B (1-4 times Sanding) 
Segment D S D S D S D S D 
B1 X X X       
B2 X X X X X     
B3 X X X X X X X   
B4 X X X X X X X X X 
* D – Dipping with the slurry AK (a Al2O3 slurry for high temperature 
application, using SiO2 as binder); S – Sanding with fine corundum sand  
(grain size: 0.125-0.25mm); X  –  Conducted step 
 
Figure 5.1: The wax pattern for shell thickness measurement with four segments and 
the applied dipping-sanding processes for corresponding segments  
 
At the beginning of the experimental work, shell thicknesses after different dipping-
sanding cycles were measured aimed at producing a thin but stable and well- 
producible mould shell. A wax pattern (sample A) was first divided in 4 segments. 
Four dipping-sanding processes were applied to these segments, as listed in Figure 
5.1. In order to present more accurate shell thicknesses, the dipping-sanding 
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processes were repeated in the sample B, but with an inverse arrangement. It is 
worth mentioning here that fine corundum sands with a grain size range of 0.125-
0.25 were utilized throughout the sanding process. After dewaxing and one-sided 
grinding, the green moulds of samples A and B enabled the measurement of the 
shell thickness. As shown in Figure 5.2, the thinnest shell with an average thickness 
of 0.5 mm was obtained after the 1-time sanding. Obviously, the shell thickness 
increased as sanding times increased.  
 
 
 
Figure 5.2: Shell thickness measurement in mould samples A and B  
 
Considering the producibility of ceramic moulds with varied shell thicknesses, a 
number of thin shell moulds (dummy blades) were manufactured. After dewaxing and 
firing (at 1200 °C for two hours), the ceramic moulds are shown in Figure 5.3 c-f.  
 
Additionally, to achieve a minimum shell thickness, a mould shell only with 2-time 
dipping (without sanding) was tested. However, the mould failed after dewaxing due 
to the poor stability, see Figure 5.3 b. By increasing the shell thickness to 0.5 mm (1-
time sanding), the shell moulds were produced after firing, whereas crack and 
deformation risks appeared, as shown in Figure 5.3 c and d. Then with further 
increased shell thicknesses to 1-1.5 mm (2- and 3-time sanding), there were no more 
cracks or deformations found, see Figure 5.3 e and f. 
 
Sample A 
Sample B 
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Figure 5.3: The wax pattern (a) and produced moulds after different process 
parameters (b-f)  
 
                       
Figure 5.4: Typical shell moulds for production of turbine blades in Bridgman (a) 
[Wagner, 2001] and TSC process (b) 
a b 
c d 
e f 
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As a result, the moulds after 2-time sanding with a shell thickness of about 1 mm 
were evaluated as the optimal ceramic thin shell mould for TSC process and applied 
throughout the experimental trials, enabling a distinct reduction of mould material and 
manufacturing expense. Moreover, the cooling condition of the solidifying 
components can be significantly improved due to the clear reduction of the heat 
extraction resistance, see Figure 5.4, traditional thick shell mould vs. thin shell 
mould. 
 
5.2 Experimental Trials with a Cu alloy (CuSn10) 
In order to test the feasibility of this novel process, the CuSn10 alloy was first cast, 
since it has a relatively lower melting point (900°C) than a superalloy and can be 
easily melted and cast under inert gas. As a thermal coating material, boron nitride 
suspension (50 % BN with 50 % distilled H2O) was used for a non-wetting outside 
surface. As shown in Figure 5.5, to find out optimal casting conditions, a number of 
floating baffles (e.g. hollow Al2O3 particles, Al2O3-mat, corundum sand and B2O3 melt) 
and systematically varied casting parameters were tested. During the casting 
process, argon was blasted to the mould as the protective and cooling gas. In 
addition, with the hermetic baffle - B2O3 melt, a compressed air cooling was applied.  
 
As a consequence, most applied baffle materials such as hollow ceramic particles (2-
4 mm in diameter), the soft Al2O3-mat, the corundum sand as well as the B2O3 melt 
are suitable for the TSC process. However, the Al2O3-mat with a fixed aperture 
(Figure 5.5 c), as an undynamic baffle, is merely applicable to the casting 
components with an uncomplicated cross-section as shown in Figure 5.5 b and c 
(without helix). Due to impurities in sand, the corundum sand is also not an ideal 
baffle material contacting the melt (Figure 5.5 d). Notably, considering the 
outstanding air tightness of the B2O3 melt (Figure 5.5 e), a compressed air cooling 
could be applied instead of an inert gas. Unfortunately, the B2O3 melt vaporized 
quickly during the process because of its low boiling point. Then using a combination 
of ceramic particles and B2O3 melt, a non-wetting surface could not be achieved 
(Figure 5.5 f). As a result, the ceramic particles possessing a suitable fluidity and an 
excellent thermal insulation were so far evaluated as the optimal baffle for the TSC 
technique, see Table 5.1. 
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Figure 5.5: TSC processes of CuSn10 with different baffle materials. (a) Hollow 
ceramic particles, but without boron nitride BN coating; (b) Hollow ceramic particles 
(with a diameter from 2 to 4 mm) under Ar cooling; (c) Soft Al2O3-mat under Ar 
cooling; (d) Corundum sand under Ar cooling; (e) Hermetic B2O3 melt under 
compressed air cooling; (f) Combination of B2O3 melt and hollow ceramic particles 
under compressed air cooling. The outside surface of moulds b-f was coated with 
boron nitride 
 
Table 5.1: The evaluated properties of applied baffles (●●● very good, ●● satisfying, 
● inadequate, ○ unsatisfactory) 
 fluidity 
thermal 
insulation 
property 
nonwettability air-tightness 
hollow particles (Al2O3) ●● ●●● ●●● ● 
Al2O3-mat undynamic ●●● ●●● ● 
corundum-sand ●● ●● ●●● ●● 
B2O3 melt* ●●● ● ●●● ●●● 
B2O3 melt + particles ○ ● ○ ●● 
B2O3 melt + Al2O3-mat ●● ●●● ○ ●●● 
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Casting trial Tmelt  (°C) V (mm/min) Baffle Ar (l/min) 
a 1056 13 Al2O3-mat 0.5 
b 1090 3 hollow beads 0.5 
c 1080 4 B2O3-melt compressed air 
Figure 5.6:  The bronze CuSn10 casting parts after grinding, polishing and macro-
etching: (a) DS component; (b) DS component with limited grain selection; (c) SC rod 
with 3-D helix selection 
 
Using the TSC process, the CuSn10 components were directionally solidified with the 
listed casting parameters in Figure 5.6. All the resultant components were ground, 
polished and macro-etched for a visual inspection of their grain structures. A 
directional grain structure of an as-cast dummy blade is shown in Figure 5.6 a. At the 
top of the specimen, the solidification occurred instantaneously because of a 
quenching effect on the chill rod. The microstructure is characterized by a large 
number of fine grains without a recognizable growth direction. After a competitive 
growth process, the number of grains was significantly reduced while some surviving 
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grains with the favourable orientations (against the heat flux) kept growing 
downwards, resulting in a typical columnar grain structure. Furthermore, for the DS 
component shown in Figure 5.6 b, a 2D helix was designed to diminish the number 
of DS grains. Consequently, merely a modicum of grains grew through the 2D 
selector. In the casting part only 3-5 DS grains were detected. Figure 5.6 c shows a 
cylindrical component with a thick helix, which is used to enable a complete mould 
filling. In spite of an inefficient heat extraction through the helix, a higher pulling 
velocity of 4 mm/min could be applied due to the efficient compressed air cooling. As 
a result only one grain passed through the helix and a SC structure was achieved.  
  
5.3 Experimental Trials with Al Alloys (Al99.93, AlSi7Mg0.3) 
5.3.1 Thermal Measurement in TSC Process 
Temperature distribution is obviously a critical variable for DS processing. The 
successful execution of temperature measuring and recording provide valuable data 
about the solid/liquid interface location and the axial thermal gradients that control 
the microstructure and the quality of the casting components. 
Based on the experience from the casting trials of CuSn10, two Al alloys Al 99.93 (TL 
= 660 °C) and AlSi7Mg0.3 were chosen for thermal measurement, since the Al alloy 
possesses a higher mould filling capacity than CuSn10 and can be cast under a 
compressed air cooling. This should significantly simplify the feasibility tests with 
reduced trial costs and result in a substantially improved cooling condition (air 
cooling: 0.1-0.4 bar). As baffle material, hollow ceramic particles (2-4 mm) were 
applied. 
The arrangement of thermocouples is illustrated in Figure 5.7. Three thermocouples 
(Type K) were placed to record and monitor temperature at the given locations. To 
diminish the chill influence, the first thermocouple T1 was located at 40 mm below the 
chill rod, while the second and the third thermocouples T2, T3 were positioned at 10 
and 20 mm  below the T1. 
5.3.1.1 Thermal Measurement and Analysis with Al99.93 
At the following step, a number of Al99.93 cylindrical bars with thermocouples were 
directionally solidified after the TSC process. A range of solidification variables 
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(pulling velocity in mm/min, compressed air cooling in bar) and a constant superheat 
of about 100 °C were utilized. All process parameters employed are listed in Table 
5.2. 
 
 
Table 5.2: The process parameters of the DS trials with Al 99.93 
 
Figure 5.8 shows two instances of the recorded cooling curves obtained as the 
sample solidification proceeds. E.g. to obtain the average solid/liquid interface 
location Z for the trial V5-0, the locations Z1 (7.2 mm), Z2 (6.0 mm), Z3 (8.9 mm) 
related to the three thermocouples were measured, respectively. Then to calculate 
the axial thermal gradient G, the temperature differences between the thermocouples 
T1, T2 (ΔT2-1) and T2, T3 (ΔT3-2) at the moment of T2 just reaching the liquidus were 
utilized, see Figure 5.8.  
Thus for the trial V5-0:  
Al99.93 0 bar 0.1 bar 0.4 bar 
1 mm/min V1-0 V1-0.1 - 
2 mm/min V2-0 V2-0.1 V2-0.4 
5 mm/min V5-0 V5-0.1 V5-0.4 
Figure 5.7: The arrangement of 
thermocouples in the DS trials with 
Al99.93 and AlSi7Mg0.3 
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Figure 5.8: The original cooling curves for DS trials V5-0 and V5-0.1 with Al99.93. 
Axis x = 0 indicates the start point as shown in Figure 5.7 left 
 
                      Z = (Z1+Z2+Z3)/3 = (7.2+6.0+8.9)/3 = 7.4 mm                                 (5.1) 
G = (ΔT3-2+ ΔT2-1)/20 = (70+80)/20 = 7.5 K/mm                                 (5.2) 
 ̇ = GV = 7.5*5 = 37.5 K/min                                              (5.3) 
Where  ̇ is the cooling rate. Based on the calculated parameters the solidification 
condition of the trials is schematically illustrated in Figure 5.9.  
Z1 
ΔT3-2 
ΔT2-1 
Z2 Z3 
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The location of the solid/liquid interface relative to the heating and cooling zones 
influences thermal gradients in the DS process and indicates the heating and cooling 
efficiency. In the TSC process, in order to ensure a continuous crystal growth without 
interruption, a solid/liquid interface located below the melt bath level is desired, which 
provides a positive melt pressure at the solidification front. As shown in Figure 5.9, 
the interface position was strongly influenced by the pulling velocity. The higher the 
pulling velocity, the further away from the melt bath was the position of the solid/liquid 
interface. In the trials without compressed air cooling, the solidification front was 
located slightly below the melt level only when a low pulling velocity was applied (V1-
0). Using increased pulling velocity (V2-0, V5-0), the heating capability exceeded the 
cooling efficiency, resulting in an unfavourable interface location above the melt level. 
In the trials with compressed air cooling of 0.1 bar, due to the significantly improved 
cooling efficiency, the solid/liquid interfaces were obviously pressed downwards and 
Figure 5.9: Illustration of the solidification 
condition with varied process parameters. 
 ̇ = GV (based on thermal measurement 
of Al99.93) 
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were located completely below the melt level, even at a high pulling velocity of 5 
mm/min. With increased cooling air pressure up to 0.4 bar, there were no perceptible 
change detected, compared to the solidification condition of the trial with 0.1 bar 
cooling. The comparison of the cooling curves in the trials V2-0.4, V2-0.1 and V2-0 is 
shown in Figure 5.10. The application of compressed air cooling (V2-0.4, V2-0.1) 
considerably increased the cooling efficiency. However, to further increase the 
cooling pressure had no obvious influence on the cooling condition. Note that the air 
cooling of 0.1 bar was sufficient for the applied range of pulling velocity (1–5 
mm/min). 
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Figure 5.10:  Comparison of the temperature curves T1, T2 and T3 in the trials V2-
0.4, V2-0.1 and V2-0 of Al99.93, respectively 
 
The slope of cooling curves at the liquidus indicated the cooling rate and the thermal 
gradient at the solidification front. The calculated parameters are listed in Figure 5.9. 
The highest thermal gradient was achieved in the trial V5-0, note that the thermal 
gradient was mainly influenced by the location of the solid/liquid interface.  
 
 
 
 
 
 
 
 
 
Figure 5.11: The relationship between the location of the solidification front and the 
axial thermal gradient (Al99.93) 
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The relationship between solidification front location Z and axial thermal gradient G is 
illustrated in Figure 5.11. The closer the solid/liquid interface located to the baffle 
surface, the higher was the thermal gradient. Considering the desired solidification 
front location (below the melt surface), the trial V5-0.1 was recognized as an optimal 
process on account of a high thermal gradient, a high cooling rate, a good casting 
quality as well as a high productivity.   
 
5.3.1.2 Thermal Measurement and Metallographic Examination with AlSi7Mg0.3 
In order to investigate the morphology of the mushy zone in the TSC process, the Al 
alloy AlSi7Mg0.3 was directionally solidified under the following parameters, see 
Table 5.3. Due to the lower thermal conductivity of AlSi7Mg0.3 compared to that of 
Al99.93, a lower superheat of about 50 °C was applied to promote solidification. 
Thereafter the thermal measurement and the metallographic examination were 
carried out.  
Table 5.3: The process parameters of DS trials with AlSi7Mg0.3 
AlSi7Mg0.3 0 bar 0.1 bar 0.4 bar 
1 mm/min V1-0 V1-0.1 V1-0.4 
2 mm/min - V2-0.1 - 
5 mm/min V2-0 V5-0.1 V5-0.4 
 
The physical properties of AlSi7Mg0.3 were given by the manufactor VAW-IMCO 
Guss und Recycling GmbH, see Table 5.4. To present an accurate result in this work 
and considering the value deviation of the solid/liquid interval under different 
solidification conditions, the Temperature-time (T-t) diagram of AlSi7Mg0.3 was 
measured within two cooling-heating cycles in the applied crucible and furnace. As 
shown in Figure 5.12, a solidification interval from 575°C to 615°C was indicated, 
which deviates from the given value. 
Table 5.4: The physical properties of AlSi7Mg0.3 given by the supplier VAW-IMCO 
Guss und Recycling GmbH 
Property 
Density     
g/cm3 
E Modulus 
kN/mm2 
Specific Heat at 100 °C 
J/gK 
Solid-liquid Interval       
°C 
AlSi7Mg0.3 2.67 73 0.92 625-550 
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Figure 5.12: Temperature-time (T-t) diagram to measure the liquidus and solidus of 
utilized AlSi7Mg0.3 
 
Two instances of the recorded cooling curves for trials V5-0 and V5-0.1 are shown in 
Figure 5.13. Based on the experimentally measured solidification interval (575-615 
°C), the original cooling curves were analysed. Consequently, the corresponding 
solidification conditions and parameters were illustrated in Figure 5.14, where MZ 
means the length of the mushy zone. The calculated parameters were later 
compared with the results based on the metallographic examination.  
It‘s worth mentioning here, by using the same measurement device and 
thermocouple, the T-t curve shown in Figure 5.12 is much smoother compared to 
that in process measuring, see Figure 5.13. To investigate the influence of the 
thermocouple movement on the T-t curve, the second heating-cooling cycle in Figure 
5.12 was measured by a moveable thermocouple (only moveable when T is above 
liquidus). As shown in results, the influence of the thermocouple movement was 
excluded. Further analysing the cooling curves in the TSC process, see Figure 5.8 
and 5.13, the temperature vibrations occurred frequently ahead of the mushy zone 
and reached the highest amplitude in front of the liquidus. Below the liquidus, there 
was no distinct vibration observed. Comparing the cooling curves of V5-0 and V5-0.1 
(AlSi7Mg0.3), the higher the temperature gradient, the higher amplitude possessed 
the temperature vibration. Therefore the temperature vibration was assumed as a 
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result of thermal convection before the solidification, which is in good agreement with 
the simulation result in Figure 4.5. Since the thermal convection occurred merely 
ahead of the solidification front, it might be beneficial to melt homogenization and 
have no disadvantageous influence on the mushy zone.       
 
 
 
Figure 5.13: The original cooling curves for DS trials V5-0 and V5-0.1 with 
AlSi7Mg0.3 
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In order to investigate metallographically the mushy zone of the specimens, at the 
end of the TSC process, the casting rods were swiftly pulled up from the melt for a 
quenching effect at the bottom parts. After the standard polishing and micro-etching 
process, the mushy zone length (from the dendrite top to the beginning of eutectic 
precipitation) was detected and measured. Two instances are shown in Figure 5.15 
c and d, to optically distinguish the mushy zone, dotted lines were roughly added 
according to the phase distribution, e.g. Figure 5.15 b. By using a constant pulling 
velocity of 1 mm/min, a shorter mushy zone was obtained in trial V1-0 without 
compressed air cooling. However, the solid/liquid interface location was completely 
above the melt level (V1-0), that is undesired in the TSC process. Due to the 
negative melt pressure, macro-porosity was observed in the mushy zone, see Figure 
5.15 c. The relationship between the sharp and the location of the mushy zone is 
also indicated in Figure 5.15. Concave mushy zone was associated with a 
Figure 5.14: Illustration of solidification 
condition with varied process parameters. 
 ̇ = GV (based on thermal measurement 
of AlSi7Mg0.3 and solid/liquid interval 
575-615 °C) 
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solid/liquid interface located above the melt bath while a convex interface was 
located below the melt level. Furthermore, in sample V1-0.1, a flatter mushy zone  
 
 
Figure 5.15: Comparison of the mushy zone sharp, length and location in trials V1-0 
and V1-0.1 based on the metallographic examination (AlSi7Mg0.3): (a) Illustration of 
solidification condition, (b) The upper boundary of the mushy zone in sample V1-0.1, 
(c) the convex mushy zone in sample V1-0 with a pore, (d) the concave mushy zone 
in sample V1-0.1 
(d) (c) 
(a) (b) 
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was detected, which means a lower radial thermal gradient that is beneficial to an 
axial directional solidification. 
 
The location of the solidification front Z and the length MZ of the mushy zone were 
then evaluated in all the samples, so that the metallographically measured results 
could be compared with the cooling curve based results, as illustrated in Figure 5.16 
and 5.17. 
 
 
Figure 5.16: Comparison of mushy zone lengths MZ based on cooling curves and 
metallographic examination of AlSi7Mg0.3 
 
Not only from the comparison of mushy zone lengths MZ in Figure 5.16, but also 
from the comparison of solidification front positions Z in Figure 5.17, the cooling 
curves based results using the measured solidification interval (575-615 °C) matched 
well the metallographic results. Thus, the measured value was utilized in following 
analyses.   
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Figure 5.17: Comparison of solidification front positions Z based on cooling curves 
and metallographic examination of MgSi7Mg0.3 
  
Figure 5.18, 5.19 and 5.20 show typical solidification conditions and corresponding 
longitudinal section microstructures of AlSi7Mg0.3 under the given conditions. The 
cooling rate  ̇, the thermal gradient G, the location Z and the length MZ of the mushy 
zone are also indicated.  
 
Figure 5.18: Illustration of the solidification condition in trials V1-0, V5-0 and 
corresponding longitudinal section microstructure of AlSi7Mg0.3 
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Figure 5.18 illustrates the microstructure features for the samples solidified without 
compressed air cooling. The microstructure transitioned from cellular dendrites (V1-0) 
to well-developed dendrites (V5-0) with the increase of the pulling velocity from 1 
mm/min to 5 mm/min, i.e. the increase of the cooling rate from 5.9 K/min to 20.5 
K/min. At the lower cooling rate, the secondary branch arms were almost non-
discernible in the longitudinal section (V1-0), which is also referred to as flanged 
cells. At the increased cooling rate, secondary dendrite arms and even tertiary arms 
were observed (V5-0). Undesirably, both mushy zones were located completely 
above the melt bath. Obviously, cooling efficiency in the mushy zone decreased as 
pulling velocity increased. A shorter mushy zone (6.8 mm) was measured in sample 
V1-0 while a longer mushy zone (8.0 mm) in sample V5-0, which directly determined 
the thermal gradient (5.9 vs. 4.1 K/mm).  
Figure 5.19 illustrates the development of the microstructure under compressed air 
cooling of 0.1 bar. In contrast with trials V1-0 and V5-0, here the cooling efficiency 
was significantly improved. The solid/liquid interfaces of trials V1-0.1, V2-0.1 and V5-
0.1 were entirely pressured into the melt bath and were close to the melt level, which 
provides relatively high thermal gradients and ensures positive melt pressure in the 
mushy zones. As listed in the table of solidification parameters, the thermal gradient 
increased as the mushy zone displaced upwards, which is accompanied by 
increased pulling velocity. Accordingly, the highest thermal gradient was obtained in 
trial V5-0.1. For the resultant microstructures, a transition from coarse dendrites (V1-
0.1) to well-developed dendrites (V5-0.1) was observed as the pulling velocity and 
the cooling rate increased.    
In comparison to trial V1-0, at the same pulling velocity of 1 mm/min, trial V1-0.1 
possessed a lower thermal gradient of 4.9 K/mm, i.e. a lower solidification parameter 
G/V, which is a critical value for DS morphology. As observed in Figure 5.18 and 
5.19, the microstructure transitioned from cellular dendrites (V1-0) to coarse 
dendrites (V1-0.1). 
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Figure 5.19: Illustration of solidification condition in trials V1-0.1, V2-0.1, V5-0.1 and 
corresponding longitudinal section microstructure of V1-0.1, V5-0.1 (AlSi7Mg0.3)  
 
 
 
Figure 5.20: Illustration of solidification condition in trials V1-0.4, V5-0.4 and 
corresponding longitudinal section microstructure of AlSi7Mg0.3 
 
Then, by increasing cooling air pressure up to 0.4 bar, as shown in Figure 5.20, the 
mushy zone moved more deeply into the melt bath, which lowered the cooling 
efficiency in the mushy zone, and resulted in a lower thermal gradient. Consequently, 
at the same pulling velocity of 1mm/min for V1-0, V1-0.1 and V1-0.4, the lowest G/V  
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value was measured in trial V1-0.4. As a result, compared to the microstructures of 
the samples V1-0 and V1-0.1, typical dendrites with large secondary dendrite arms 
were detected in sample V1-0.4. In trial V5-0.4, it’s worth mentioning that the casting 
temperature was lowered from 675 °C to 650 °C due to a furnace defect. Thus, a 
decreased thermal gradient was obtained. Theoretically, under the same casting 
temperature and compressed air cooling condition, the thermal gradient should 
increase as pulling velocity increases, see Figure 5.19. Anyway, because of the 
much higher cooling rate compared to that in V1-0.4, a much finer dendritic structure 
with well-developed tertiary arms were shown in sample V5-0.4. 
   
 
 
Figure 5.21: Illustration of secondary arm spacing λ2 with cooling rate  ̇ for DS 
samples of AlSi7Mg0.3 
 
 
V1-0.4 V1-0.1 V1-0 V2-0.1 V5-0.4 V5-0 V5-0.1 
 ̇ (K/min) 4.4 4.9 5.9 13.0 18.0 20.5 34.5 
λ2 (μm) 83 82 76 60 54 48 37 
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As introduced in chapter 2, the secondary dendrite arm spacing λ2 is primarily 
influenced by the solidification parameter (GV)-1/3, i.e. the  ̇-1/3, whereas the primary 
dendrite arm spacing λ1 is usually correlated with the process parameter G
-1/2V-1/4. In 
this work, to investigate the influence of the cooling rate on DS microstructures, the 
secondary dendrite arm spacings were measured and listed in Figure 5.21. From the 
result, low cooling rate caused quite large λ2, while high cooling rate caused much 
smaller λ2. The relationship indicates a monotonic decrease in λ2 with increasing 
cooling rate. By using regression analysis, for AlSi7Mg0.3 the secondary dendrite 
arm spacing is given as λ2 = 136.86  ̇
-1/3, which is in good agreement with the well-
known exponential relationship λ2 ∝  ̇
-1/3.  
        
 
Figure 5.22: Longitudinal microstructures: (a) AlSi7 solidified upwards in a 
laboratory-scale LMC furnace at a withdrawal speed of 25 mm/min, with a cooling 
rate  ̇ of 375 K/min [Grüneberg et al., 2009] and (b) AlSi7Mg0.3 solidified downwards 
after the trial V5-0.1 in the TSC furnace, with a cooling rate  ̇ of 34.5 K/min 
 
A longitudinal microstructure of the AlSi7 alloy upwards directionally solidified in a 
laboratory-scale LMC furnace is shown in Figure 5.22 a. To obtain a fine secondary 
arm spacing (of 30 to 40 μm), a high cooling rate  ̇ was required. Thus, a gallium-
indium alloy was chosen as the coolant for an efficient heat extraction. Moreover, an 
extremely high withdrawal speed of 25 mm/min was used to achieve a  ̇ of 375 K/min 
[Grüneberg et al., 2009]. Strikingly, compared to the microstructure of the AlSi7Mg0.3 
rod solidified after TSC trial V5-0.1 with a  ̇ of 34.5 K/min (Figure 5.22 b), the LMC 
process has no advantage and even possesses a coarser and misoriented dendrite 
(a) (b) 
Experimental Work and Characterization 
 
102 
 
structure. It is worth mentioning here, according to the small quantity of Mg in 
AlSi7Mg0.3, its impact on the dendrite structure is ignored in the comparison.  
Most importantly, a thin shell ceramic pipe was applied to the laboratory-scale LMC 
experiments [Grüneberg et al., 2009]. That means, in the casting practice, especially 
when a conventional mould is used, the LMC process can not realize the full potential 
due to a significant increase in the mould shell thickness. In contrast to that, the 
much higher cooling rate as well as the considerably increased temperature gradient 
of the TSC process can always be achieved for different casting components, see the 
following chapter 5.3.2 and 5.3.3. 
The dendritic structure is a key microstructural feature and is generally characterized 
by the primary (λ1) and the secondary (λ2) arm spacings, which influence the 
strength, ductility and homogenization kinetics of alloys. Much research has been 
devoted to the definition of the factors affecting the fineness of the dendritic structure, 
such as alloy solute concentration, tip cooling rate and temperature gradient ahead of 
the macroscopic solidification front. 
Notably, in recent years, a few experimental researches have reported influences of 
the solidification direction on the dendrite arm spacings [Li et al., 1999; Yu et al., 
2000; Hui et al., 2002; Chen et al., 2003; Spinell et al., 2004; Spinell et al., 2005]. In 
those experiments, some Al alloys (such as AlCu and AlSi) were solidified in upward 
and downward directions, respectively. As an example, a comparison between 
upward and downward results for dendritic spacings of AlSi alloy conducted by 
Spinell et al. is shown in Figure 5.23. It can be noticed that the initial alloy 
composition is found to have little effect on the primary dendritic arm spacing.  As can 
be seen, for the same cooling rate, the primary arm spacing is obviously reduced 
(about 2.5 times) for the conditions of downward vertical solidification [Spinell et al., 
2005]. Moreover, as illustrated in Figure 5.24, a similar observation was also 
reported concerning upward and downward solidification of AlCu alloys. The primary 
arm spacing is reduced about 3 times. The phenomenon was suggested to be a 
result of the intense convection in the solidification front [Spinell et al., 2004]. 
Therefore, besides the higher temperature gradient, the advantageous solidification 
direction of the TSC process is an influential factor in the finer microstructure of TSC 
components. 
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Figure 5.23: Primary dendrite arm spacings as a function of cooling rate for Al–Si 
alloys [Spinell et al., 2005] 
 
 
Figure 5.24: Primary dendrite arm spacings as a function of cooling rate for Al–Cu 
alloys [Spinell et al., 2004] 
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Figure 5.25: Microstructures of AlSi7Mg0.3 solidified under different cooling rates: 
(a1, a2) 4.9 K/min after trial V1-0.1; (b1, b2) 13 K/min after trial V2-0.1; (c1, c2) 20.5 
K/min after trial V5-0; and (d1, d2) 34.5 K/min after trial V5-0.1 
a1 a2 
b1 b2 
c1 c2 
d1 d2 
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In further analysis of the microstructures, the cooling rate during the solidification was 
found to have a pronounced effect on the eutectic volume fraction and morphology. 
Since the AlSi7Mg0.3 alloy used in this work is unmodified (Na 0% and Sr < 
0.0002%), the dendritic αAl-phase is surrounded by the normal flake Al-Si eutectic 
mixture (unmodified) in spite of the cooling rate, as shown in Figure 5.25. However, 
as can be visually detected from Figure 5.25 a1, b1, c1 and d1, the volume fraction 
of the primary αAl-phase increased as the cooling rate increased.  All these ratios are 
obviously higher than that expected from the phase diagram shown in Figure 5.26, 
under thermodynamic equilibrium conditions (about 50%). This increase in primary 
αAl-phase volume fraction indicates the shift of the eutectic point to the right 
[Chadwick, 1965; Hellawell, 1970], i.e. to a higher silicon content, owing to the fast 
cooling rates. From the convetional multicrystalline solidification point of view, the 
lower the cooling rate is, the closer is the solidification to the thermodynamic 
equilibrium condition, then, the higher is the eutectic volume fraction. Inversely, by 
increasing the cooling rate, the Si segregation and the formation of AlSi eutectic are 
constrainted. However from the directional solidification point of view, the eutectic 
forms at the last stage of solidification caused by the strong segregation of Si to the 
interdendritic regions. The segregation degree can be ranked by eutectic volume 
fractions in the as-cast microstructures [Zhao, 2010; Liu et al., 2011]. As is well 
known, the segregation degree depends on the degree of the element diffusion, 
which is decided by the diffusion time and distance. At a really low cooling rate, the 
increased diffusion distance (due to a large DAS) predominatly hinders the element 
diffusion even though the increased diffusion time improves the diffusion. E.g. under 
a certain thermo gradient G, if the solidification velocity V is low enough (meaning a 
low cooling rate) to achieve a planar growth, the eutectic formation is almost 
completely constrainted. Thus, the amount of eutectic increases as the cooling rate 
increases wthin a range of cooling rate. Beyond a critical cooling rate, the decreasing 
diffusion time influences predominatly the diffusion. In consequence, the amount of 
eutectic decreases as the cooling rate increases, this is in line with this work. It 
suggests that the degree of segregation for the alloying elements increases initially 
and then decreases with increasing cooling rate in case of DS/SC solidification 
[Zhao, 2010]. In addition, increasing the cooling rate resulted in much finer 
microstructure and more homogeneous dispersion of Al-Si eutectic mixture, i.e. from 
coarse lamellar silicon (Figure 5.25 a2) to refined acicular silicon (Figure 5.25 d2).  
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A fine eutectic structure is known to improve the mechanical properties of casting 
components. As presented by Nabilt Fat-Halla [Fat-Halla, 1987], the air cooled 
unmodified ingots of AlSi7Mg0.3 with a cooling rate of 120 K/min exhibited much 
better mechanical properties than those of the unmodified ingots with a cooling rate 
of 36 K/min, and even better than the modified ingots with a cooling rate of 36 K/s 
(0.02% Sr), see Table 5.5. But, on the other side, decreasing the cooling rate during 
solidification was found to increase the degree of the modification of AlSi7Mg0.3, 
which is also accompanied by a coarse microstructure [Fat-Halla, 1987]. Hence, the 
cooling rate plays a very significant role in casting and modification process of the Al 
alloy AlSi7Mg0.3, to obtain optimum mechanical properties.  
Table 5.5: The mechanical properties of alloy AlSi7Mg0.3 in a graphite mould [Fat-
Halla, 1987] 
No. Conditions 
Cooling rate 
(K/min) 
Yield strength 
(MPa) 
Ultimate tensile 
strength (MPa) 
Elongation 
(%) 
1 Air cooled 120 150 240 6.2 
2 Preheated 36 114 155 1.75 
3 
Preheated 
+ “modifier” 
36 140 178 4.0 
 
To summarize, the fundamental trials in the TSC process were successfully 
conducted. The metallographic results also fully agree with the previously published 
researches and confirm again the advantage of this process, i.e. a fine as-cast 
microstructure, which is caused not only by a high thermal gradient as well as a high 
cooling rate, but also by the beneficial solidification direction (downward).  
Figure 5.26: Aluminium-rich 
portion of the Al-Si phase 
diagram [ASM Metals 
Handbook, 1973] 
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5.3.2 Casting DS/SC turbine blades with Al99.93 
After the systematic investigation of the solidification conditions and parameters 
under varied TSC processes, Al 99.93 was cast in some complicated moulds to attain 
DS/SC turbine blades. Compared to the AlSi7Mg0.3 alloy, Al99.93 can be easily 
macro-etched to detect the macrostructure. 
 
Figure 5.27: DS blades of Al99.93 after sandblasting: blade a was cast without 
compressed air cooling while blade b was cast with compressed air cooling of 0.4 bar 
 
At the first step, two DS blades were cast, shown in Figure 5.27. At the beginning of 
both casting processes, the moulds were dipped into the melt bath with a higher 
temperature TPouring = 800 °C for a better mould filling. Prior to pulling up the shell 
moulds, the melt temperature was decreased to TUp = 760 °C to promote 
solidification. During the pulling process for blade b in Figure 5.27, the exposed 
mould surface was blown with compressed air of 0.4 bar in order to improve the 
cooling condition while blade a was cast without compressed air cooling. The pulling 
velocity was gradually increased from 3 to 17 mm/min in both trials. After casting the 
Al-blades were shaken out and sandblasted, shown in Figure 5.27. In TSC process, 
particularly at higher pulling velocities, compressed air cooling plays a significant role 
in the casting quality. In blade a, distinct macro-porosity and shrinkages were 
detected, see Figure 5.27 a1. Furthermore, at the high pulling velocity of 17 mm/min, 
1 cm 
1 cm 
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blade a was even interrupted due to the extremely insufficient cooling effect, see 
Figure 5.27 a2. In contrast, blade b possessed a higher dimension accuracy and a 
lower surface roughness, shown in Figure 5.27 b1 and b2. 
To detect the grain boundaries and orientations on the blade surface, the blades 
were then macro-etched, as shown in Figure 5.28. Typical DS grain structures were 
recognized on both blades. However, blade a exhibited grains that obviously angled 
away from the centreline while blade b displayed grains relatively well–aligned with 
the pulling direction, indicating that blade b possessed a comparatively flatter 
solid/liquid interface during the casting process, as discussed above (Figure 5.15).  
 
 
Figure 5.28: The macrostructures of the DS blades  
 
At the following step, to cast SC blades, a right-angle grain selector was utilized in 
place of a longer conventional helical selector, since the shorter right-angle selector 
provides a higher mould filling capacity besides an identical function as a helix 
selector. As shown in Figure 5.29, a number of blades (Al 99.93) were cast under the 
given parameters after the TSC process. The pulling velocity was gradually increased 
after the manner of the privous trials cf. Figure 5.27. Unfortunately, in spite of varied 
pulling velocities, some DS grains still grew through the right-angle selector, which 
could be a result of the bendable DS grains of Al99.93, as detected in Figure 5.29 b 
and c.   
b 
 
a 
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Process a b c d e 
TPouring (°C) 850 810 810 820 820 
TUp (°C) 730 730 750 718 710 
V (mm/min) 2.6-13.0 2.0-11.0 1.6-7.0 1.2-4.0 1.0-2.8 
Compressed Air 0.4 bar 
 
Figure 5.29: Blades with right-angle grain selectors (Al 99.93) cast under the given 
parameters after the TSC process 
 
Considering the coarse and bendable DS grains of Al99.93, a double-neck selector 
was then applied to the TSC process. As shown in Figure 5.30, after grain selection, 
in 75% of the blades (b, c and d) only one grain was detected, though some 
undesired grains appeared below the blade shrouds, owning the nucleations in these 
undercooling regions casued by the high pulling velocities. Anyway, it indicates that, 
the double-neck selector is well applicable to SC casting of Al99.93.  
As further detected in Figure 5.30, the number of undesired grains was reduced as 
the pulling velocity decreased. Thus, in order to cast SC blades, by using the double-
neck selector, the pulling velocities were then reduced to 0.8-1.8 mm/min, at the 
same time, the pressure of cooling air was also reduced to 0.2 bar, as listed in 
Figure 5.31.  
1 cm 
a b c d e 
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Process a b c d 
TPouring (°C) 800 800 800 800 
TUp (°C) 700 740 727 727 
V (mm/min) 2.6-8.0 1.8-6.0 1.2-5.0 1.2-3.0 
Compressed Air 0.4 bar 
 
Figure 5.30: Blades with double-neck selectors (Al99.93) cast under the given 
parameters after the TSC process 
 
 
Process TSC 
TPouring (°C) 818 
TUp (°C) 715 
V (mm/min) 0.8-1.8 
Compressed Air 0.2 bar 
a b c d 
Figure 5.31: Casting a SC blade 
of Al99.93     
a: Wax pattern with a double- 
    neck selector                                                      
b: Thin shell ceramic mould                           
c: As-cast blade with residual shell                  
d: SC blade after sandblasting and  
    macro-etching           
1 cm 
1 cm 1 cm 1 cm 1 cm 
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After casting the Al-blade was shaken out. Figure 5.31 c shows the as-cast blade 
with residual ceramic shell, exhibiting once again the extremely thin shell mould 
specifically used in TSC process. After sandblasting the blade was macro-etched to 
detect the grain boundaries, see Figure 5.31 d. In the starter section at the top, the 
boundaries between the columnar grains can be clearly recognized. After the double-
neck selection a single crystal structure without grain boundaries was achieved, with 
the modified pulling velocities of 0.8-1.8 mm/min the single grain grew through the 
entire blade. 
 
 
Process a b c d 
TPouring (°C) 810 810 810 810 
TUp (°C) 715 715 715 715 
V (mm/min) 0.8-1.8 0.8-1.8 0.8-1.8 0.8-1.8 
Compressed Air 0.2 bar 
 
Figure 5.32: Blades with double-neck selectors (Al99.93) cast under the same 
parameter after the TSC process. The blades a, b and c possessed typically single 
crystal structures while blade d had three grains 
 
Thereafter, the optimal SC casting process was repeated as shown in Figure 5.32, 
blades a, b and c possessed typically SC structures while blade d had two stray 
a b c d 
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grains in the casting part. In the blade d, the grain selector failed to function properly, 
thus, two grains with a high-angle grain boundary grew through the selector. 
Furthermore, a tiny stray grain (grain 2) was detected below the shroud of blade d, it 
might be a result of the deficient mould surface quality. In general, though some 
improvements are still required, the reproduction using the optimal casting 
parameters and the same mould shape was successfully conducted.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
 
 
 
 
 
 
1 cm 
a b c 
Figure 5.33: Casting densities of Al99.93 after different process conditions: (a) 
without compressed air cooling, pulling rate 3-17 mm/min; (b) air pressure 0.4 bar, 
pulling rate 3-17 mm/min; (c) air pressure 0.2 bar, pulling rate 0.8-1.8 mm/min 
a b c 
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The final integrity of a casting, e.g. mechanical properties and surface finish, is 
greatly influenced by the presence of porosity [CAMPBELL, 1993]. Three basic type 
of porosity (piping, macro/micro-shrinkage porosity and gas porosity) are 
encountered by foundries [CAMPBELL, 1993]. Therefore, casting density has been 
selected as one of the most representative quality characteristics in the TSC process, 
as it is related to many internal defects. Hence, the densities of the cast Al99.93 
blades under varied casting parameters were measured according to Archimedes 
principle. In the density measurement, the blades were first placed on an electronic 
balance to establish the sample weight. Then, the blades were completely dipped 
into a water bucket to establish the sample weight under water (specific gravity of 
H2O = 1). By using the following equation (5.1), the blade densities were calculated 
and listed in Figure 5.33. With the same pulling velocity range of 3-17 mm/min 
(Figure 5.33 a and b), the application of compressed air cooling obviously eliminated 
internal porosities (besides higher dimension accuracy and lower surface roughness, 
see Figure 5.27), which resulted in a relatively higher density (2.658 vs. 2.678 
g/cm3). Comparing the blades b and c in Figure 5.33, under the same cooling 
condition, the casting density was further improved by decreasing the pulling rate 
range from 3-17 to 0.8-1.8 mm/min (2.678 vs. 2.695 g/cm3), owing to a deeper 
location of the solidification front into the melt bath at a lower pulling velocity, see 
Figure 5.9 and 5.19, i.e. a higher hydrostatic melt pressure and consequently a more 
beneficial feeding condition at the solidification front. According to the theoretical 
density of Aluminium (2.7 g/cm3), the SC blades possessing a really high density of 
2.695 g/cm3 verified not only the feasibility of the novel technique, but also the top 
quality of the TSC components.   
 
          
             
                               
                                  (5.1) 
 
Then, the casting process was applied to the other blade configurations. 
Alternatively, a single-neck was also tested. After macro-etching, the blades are 
shown in Figure 5.34. Not only with a double-neck selector but also with a single-
neck selector, all the blades were recognized as single crystal parts. Nevertheless, 
due to a deficient superheat and a narrow opening at the mould bottom, see Figure 
5.34 a, the SC blade a was not completely filled after mould immersion. Then in 
Figure 5.34 b and c, by using modified mould configurations and increasing the 
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pouring temperature, the form filling capacity was significantly improved. It is worth 
mentioning here, at the end of the casting process, the bottom part of the blades was 
swiftly pulled up from the melt for a quenching effect, which enables an investigation 
of the solidification front. Thus some equiaxed grains were detected at the blade 
bottom, see Figure 5.34 b and c.   
 
 
Considering the feasibility of a single-neck selector, some trials were performed. The 
results indicated that using a single-neck selector only 25% of casting samples 
possessed single crystal structures while a double-neck selector provided a higher 
ratio of 75%. Consequently, the double-neck selector was preferred in the TSC 
process for SC components of Al99.93.  
 
5.3.3 Casting DS/SC turbine blades with AlSi7Mg0.3 
Aluminium alloys with silicon as a major alloying element consist of a class of alloys, 
which provides the most significant part of all shaped castings manufactured. This is 
mainly due to the outstanding effect of silicon in the improvement of casting 
characteristics, combined with other physical properties, such as mechanical 
properties and corrosion resistance [Spinelli et al., 2005]. In this work, to apply the 
TSC process to turbine blades of a technical alloy, the AlSi7Mg0.3 alloy was first 
chosen. It must be noted here, due to the high quantity of Si in AlSi7Mg0.3, a macro-
Figure 5.34: Single crystal blades 
of Al99.93 
a: SC solidification (double-neck  
    selector) with an insufficient  
    mould filling                                                                    
b: SC solidification (double-neck  
    selector)             
c: SC solidification (single-neck  
    selector)              
Process a b c 
TPouring (°C) 780 850 816 
TUp (°C) 730 730 715 
V (mm/min) 0.8-1.8 
Compressed Air 0.2 bar 
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etching aimed at the observation of grain boundaries is not realizable at our 
metallography laboratory. Instead, a micro-colour-etching was conducted to reveal 
the grain structures in AlSi7Mg0.3 casting components. Because under a sensitive 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.35: Casting densities of AlSi7Mg0.3 solidified under air cooling of 0.4 bar 
but with different pulling rates: (a) 3-17 mm/min; (b) 3-14 mm/min; (c) 0.8-1.8 mm/min 
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tint filter, an anodized sample (with a colour reagent) does reflect different colours 
according to different crystallographic orientations, enabling to detect grain 
boundaries.  
In order to cast SC blades of AlSi7Mg0.3, the abovementioned thin shell moulds with 
double-neck selectors were applied.  All the casting experiments were performed with 
a dipping temperature TPouring of 750 °C, a pulling temperature TUp of 720 °C and a 
cooling air pressure of 0.4 bar. As the only variable process parameter, three pulling 
rate ranges were utilized: 3-17 mm/min, 3-14 mm/min and 0.8-1.8 mm/min. 
The as-cast blades after sandblasting are illustrated in Figure 5.35. At a high pulling 
velocity of 17 mm/min, blade a was not completely solidified, which resulted from the 
insufficient cooling effect. By reducing the pulling rates for blade b and c, the casting 
qualities were obviously improved.  
Prior to the metallographic examination, the casting density was measured and listed 
in Figure 5.35. As with the casting density of Al99.93 evaluated above, the density of 
AlSi7Mg0.3 blades increased as the pulling rate decreased. In accord with the 
theoretical density of AlSi7Mg0.3 (2.67 g/cm3), the really high quality of TSC 
components was once again confirmed. 
Thereafter, the blades were sectioned at selected locations and then ground, 
polished using standard metallographic techniques for the micro-colour-etching. First 
of all, cross sections, perpendicular to the growth direction, were taken 5 cm below 
the blade shroud from the blade b and c, respectively. As shown in Figure 5.36, after 
colour-etching a number of grains with colour difference is detected on both cross 
sections. Note that, SC solidification of AlSi7Mg0.3 failed. Additionally, from the 
microstructure point of view, the higher pulling rate resulted in the finer dendrite 
structure (Figure 5.36 a vs. b). 
At the second step, the longitudinal section, parallel to the solidification direction, was 
taken from the centreline of the double-neck selector in the blade c, see Figure 5.37 
b2. The cross sections at the top (Figure 5.37 b1) and at the bottom (Figure 5.37 
b3) of the selector were chosen to investigate the double-neck selection. Additionally, 
the corresponding sections from an Al99.93 blade were cut and macro-etched, see 
Figure 5.37 a1, a2 and a3, enabling a comparison of the grain selection effect 
between Al99.93 and AlSi7Mg0.3 blades. 
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Figure 5.36: Microstructure of the cross section located 5 cm below the blade shroud 
(AlSi7Mg0.3): (a) from blade c at a corresponding pulling rate of 1.8 mm/min; (b) from 
blade b at a corresponding pulling rate of 5.0 mm/min 
 
At the top of both selectors, the cast alloys started solidifying at relatively high cooling 
rates. As a result, a number of grains are detected on the cross-sections. However, 
the AlSi7Mg0.3 grains are much finer in comparison to those of Al99.93, as illustrated 
in Figure 5.37 b1 vs. a1. After a competitive grain growth process, the number of 
grains was significantly reduced in the Al99.93 sample, see Figure 5.37 a2. The 
abovementioned bendability of the Al 99.93 grains is confirmed again on the 
longitudinal section. Nevertheless, due to further grain coarsening during the 
competitive growth procedure, only one grain was allowed to pass through the 
double-neck selector. On the cross-section at the end of the selector, a SC grain 
structure of Al99.93 without any grain boundaries is detected, see Figure 5.37 a3. In 
contrast, the AlSi7Mg0.3 grains are significantly finer and much more disordered. The 
selection neck possesses a diameter of about 5 mm, which is obviously larger than 
the grain size. As revealed in Figure 5.37 b2, lots of grains grew through the 
selection necks, resulting in a poly grain structure on the cross section, see Figure 
5.37 b3. 
a 
b 
5 mm 
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Figure 5.37: The grain structures in the double-neck selectors of Al99.93 (a1-a3) 
and AlSi7Mg0.3 (b1-b3) samples: (a1 and b1) the cross sections at the top; (a2 and 
b2) the longitudinal sections; (a3 and b3) the cross sections at the bottom 
porosity 
porosity 
a1 
a2 
a3 
b1 
b2 
b3 
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In both samples, it is striking to see some macro-pores at the upper parts of the 
selectors (Figure 5.37 a2, b1, b2 and 5.38 a), which were caused by residual gas in 
the melt during mould filling. However, after the first neck, the macro-porosity was 
completely eliminated. Thus, compared to the measured value (Figure 5.33 and 
5.36), a higher density in the casting components (without grain selectors) is 
expected.  
The microstructures of the AlSi7Mg0.3 blade are illustrated in Figure 5.38. As shown 
in Figure 5.38 b, due to the bendability of AlSi7Mg0.3 dendrites, the number of 
dendrites was nearly never reduced by the neck. Instead, the dendrites were strongly 
compressed and then transitioned to cellulars at the neck, which resulted from the 
abruptly increased local heat flux, i.e. the increased thermal gradient. Below the 
neck, the microstructure transitioned from cellars back to dendrites while the cross 
section extended. Therefore, the double-neck selector failed to function. Notably, a 
number of tiny stray grains with different colours was detected not only at the grain 
selector (Figure 5.38 b2) but also at the overall blade part (Figure 5.38 c and d), 
owning to the property of AlSi7Mg0.3 microstructure, that indicates the AlSi7Mg0.3 
alloy might be unsuitable for single crystal casting. Thus, to date, there is still no 
experimental studies that have reported SC casting parts of AlSi7Mg0.3. 
Figure 5.38 c and d illustrate microstructures of longitudinal sections according to 
two pulling velocities of 8 and 14 mm/min, respectively. Both dendritic structures 
exhibit an excellent alignment with the axial thermal gradient, i.e. the downward 
solidification direction. At the pulling velocity of 8 mm/min, well-developed dendrites 
with discernible secondary dendrite arms are detected, see Figure 5.38 c. At the 
increased velocity of up to 14 mm/min, as illustrated in Figure 5.38 d, an obviously 
finer microstructure was obtained. In comparison to the AlSi7 rod solidified in a 
laboratory-scale LMC furnace (at a withdrawal rate of 25 mm/min, see Figure 5.22 
a), the AlSi7Mg0.3 blade possesses not only finer microstructures, but also better 
dendritic orientations. It indicates a significantly improved thermal gradient achieved 
in the performed TSC practice, even compared to the solidification condition in a 
laboratory-scale LMC experiment.  
Unfortunately, due to the alloy property, a SC blade of AlSi7Mg0.3 was not achieved. 
However, typical DS microstructures were then detected in all cast blades, which 
verified that the TSC technique is applicable to technical alloys.   
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Figure 5.38: The microstructures of the AlSi7Mg0.3 blade: (a) the cross section at the 
top; (b-d) the longitudinal sections at selected locations 
a 
b 
c 
d 
a 
Pulling Rate: 
3 mm/min 
5 mm/min 
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5.4 Experimental Trials with a Superalloy (CMSX-6) 
CMSX-6 is a low density SC superalloy with a melting point of 1325 °C, developed by 
Cannon-Muskegon in conjunction with MTU [Wortmann et al., 1988]. The chemical 
composition is given in Table 5.6. This alloy is nearly free of C and the grain 
boundary stabilizing elements Hf and Zr, which leads to an increased melting 
temperature and an improved high temperature creep rupture strength. Al and Ti are 
at a high level to ensure the low density of 7.98 kg/dm3 is achieved [Ma et al., 1993].  
Table 5.6: Chemical composition of superalloy CMSX-6 (wt.%) [Ma et al., 1993] 
Cr Co Mo Ta Al Ti Hf C N O Ni 
10.0 5.0 3.0 2.0 4.8 4.7 0.1 0.02 10 ppm 9 ppm base 
 
Since lots of researches concerning the solidification behaviour of CMSX-6 have 
been performed at the Foundry Institute of RWTH Aachen University, see the 
solidification diagram developed by Ma et al. illustrated in Figure 5.39, CMSX-6 was 
first selected for these TSC casting experiments. For improved a cleanliness and a 
reduced oxidation, Ni-base superalloys are conventionally cast in a vacuum or in a 
sealed chamber with inert gas. To cast CMSX-6 under Ar cooling in an opening 
atmosphere represents a considerable challenge to TSC process. 
 
 Figure 5.39: The solidification diagram for superalloy CMSX-6 [Ma et al., 1993] 
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Thus prior to casting SC components of CMSX-6, some DS rods were first cast for 
feasibility test and metallographic examination. The conducted process parameters 
are listed in Table 5.7. 
Table 5.7: The casting parameters for DS CMSX-6 rods with the TSC process 
Rod 
diameter 
Shell 
thickness 
Pulling 
velocity  
Melt 
temperature 
Baffle, Thickness 
Cooling 
Ar 
13 mm 1 mm 1 mm/min 1420 °C 
alumina hollow 
particles, 15 mm 
weak      
0.5 L/min 
 
 
Figure 5.40: The directionally solidified casting part of CMSX-6 after macro-and 
micro-etching. a: macrostructure, b: microstructure close to chill rod (b1); in the 
middle (b2); solidification front with a short mushy zone of 2.5mm (b3); c: 
microstructure of the transverse section  
 
Figure 5.40 a shows the directional grain orientation of a CMSX-6 rod after macro-
etching. On the longitudinal sections b1-b3 (parallel to the centreline) a typical DS 
microstructure evolution was observed. As shown in Figure 5.40 b1, due to the 
quenching of the melt at the chill rod, the solidification occurred instantaneously, the 
microstructure is characterized by lots of fine grains without a recognizable growth 
direction. After a competitive growth process, the number of fine grains was 
significantly reduced while the survived grains with the favourable orientations 
Solidification Direction 
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(parallel to the heat flux) extended, see Figure 5.40 b2. To investigate the 
solidification front of the specimen, at the end of the process, the bottom part of the 
rod was swiftly pulled up from the melt for a quenching effect. It is well established 
that the solidification process of the superalloy CMSX-6 starts with the crystallization 
of the γ phase, and is completed by the eutectic reaction L → γ + γ’ [Ma et al., 1993]. 
Consequently, a mushy zone depth of about 2.5 mm (from the dendrite top to the 
beginning of the eutectic γ/γ’ precipitation) was detected in Figure 5.40 b3. 
According to the theoretic temperature interval of mushy zone in CMSX-6 (about 60 
K) [Ma, 1999], here an extremely high temperature gradient of 24 K/mm was 
evaluated, which resulted from the significantly improved heat flux condition as 
described above. In contrast, the temperature gradient in the conventional Bridgman 
technique is only about 2-3 K/mm [Hollad, 2007; Hollad et al, 2010].   
 
 
The primary dendrite arm spacing λ1 of about 120 μm was then measured on the 
transverse section in Figure 5.40 c. Comparison of the primary dendrite after TSC, 
GCC, LMC and Bridgman trials [Konter et al., 2000], as shown in Figure 5.41, 
confirms the appreciable advantage of the TSC process. This is also well consistent 
Figure 5.41: Primary 
dendrite arm spacing 
after different casting 
processes  
 
TSC 
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with the theoretical heat flux analysis illustrated in Figure 3.23. In addition, because 
of a higher cooling rate and a significantly increased axial temperature gradient in the 
TSC process, the laterally growth of secondary and tertiary dendrite arms was 
strongly restrained and non-discernible. 
Figure 5.42 shows the microstructures of the directional solidification of the 
superalloy CMSX-6 with the Bridgman and the TSC process, respectively. A 
significantly reduced area fraction of residual eutectic and a much finer morphology 
of eutectic islands in as-cast condition after the TSC process were detected in Figure 
5.42 b, which is beneficial for solutioning heat treatment, consequently, results in 
shorter heat treatment time and better homogenization. This as-cast state is even 
better than the shortly homogenzied state using Bridgman process shown in Figure 
2.15 b.  Furthermore, due to the strongly reduced interdendritic feeding path caused 
by the higher temperature gradient in TSC, the interdendritic porosity was almost 
completely eliminated as shown in Figure 5.42 b, which provides a good potential for 
an extended fatigue life of the casting components. 
 
 
Figure 5.42: Microstructure of the transverse section after Bridgman (a) and TSC (b) 
processes 
 
The main hardening mechanisms of superalloys are solution strengthening and 
precipitation hardening [Sims et al., 1987]. Most important for the high temperature 
properties is the formation of the precipitation phase γ’, which is promoted by the 
presence of the alloying elements Al, Ti and Ta. The volume fraction and the fineness 
of the γ’ phase determine especially the high temperature properties of the material. 
(a) (b) 
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At sufficiently high γ’ fractions the yield strength of the material increases with the 
temperatures [Beardmore et al., 1969]. CMSX-6 is a superalloy with high volume 
fractions of γ’ phase [Ni3(Al,Ti,Ta)]. Due to the extensive interdendritic segregation of 
γ’ forming elements the γ’ phase can be formed directly from the interdendritic 
residual melt, in the form of γ/γ’ eutectic, as shown in  Figure 5.42. At the end of the 
solidification the γ’ particles precipitate from the γ matrix at the dendrite edge formed 
just before the eutectic reaction, where more Al, Ti and Ta are contained [Ma et al., 
1993]. Being different from dendrite arm spacings, the γ’ size is mainly determined by 
the cooling rate in the temperature range below the γ’ solvus. 
Thus a further indication of solidification and subsequent solid state cooling 
conditions can be observed in the size and morphology of the precipitates γ’ in the 
microstructure. A high cooling rate resulted in a finer γ’ size compared to a low 
cooling rate casting microstructure. As compared in Figure 5.43 a and b, the γ’ in the 
TSC casting component is much smaller (about 3-4 times) and blockier than the γ’ in 
the component after the conventional Bridgman process. Finer γ’ structure is 
potentially beneficial first of all for vane applications, if vanes are used in as-cast or 
partially solutioned condition in order to avoid recrystallization [Konter et al., 2000]. 
On the other hand, the finer γ’ is also is beneficial for solutioning heat treatment and 
homogenization. With respect to the TSC process, not only an outstanding cooling 
rate in the solidification front, but also a significantly improved cooling rate in the solid 
state are realized. 
        
 
Figure 5.43: SEM images showing γ’ precipitates (dark) in a γ matrix (light) in as-cast 
samples from (a) Bridgman and (b) TSC processes with the same process speed of 1 
mm/min 
2 μm 2 μm 
(a) (b) 
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General comparison of directional solidification and microstructure parameters of Ni-
base superalloys for different processes is given in Table 5.8. Compared to the 
conventional casting techniques, the TSC process is characterized by an extreme 
reduction of the primary dendrite arm spacing λ1, the eutectic γ/γ’ size dE, the eutectic 
γ/γ’ area fraction FE, and the precipitate γ’ size dP as well as an elimination of the 
interdendritic porosity, which is caused by a much higher cooling rate with a 
considerably increased temperature gradient. 
Table 5.8: Comparison of directional solidification and microstructure parameter of 
Ni-base superalloy for different processes [Konter et al., 2000; Hollad, 2007] 
 
Superalloy  
 
Process 
Bridgman LMC GCC TSC 
Temperature  gradient G (K/mm) 2-3 - - 20-30 
Primary dendrite arm spacing λ1 (μm) 430 370 320 110 
Eutectic γ/γ‘ size dE (μm) 200 - - 30 
Eutectic γ/γ‘ area fraction FE (%) 9.5 8 7.5 1.5 
Precipitate γ‘ size dP (μm) 2-3 - - 0.6 
 
  
 
 
 
 
Furthermore, decreasing the pulling velocity to 0.2 mm/min, a cellular structure within 
the mushy zone was detected, see Figure 5.44. Due to the insufficient quenching as  
Figure 5.44: Solidification front 
of the directionally solidified 
CMSX 6 sample using a pulling 
velocity of 0.2 mm/min  
 
500 μm 
Mushy Zone 
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previously conducted (Figure 5.40 b3, without a water quenching) some dendrites 
kept growing into the residual liquid. Therefore the cellular/dendrite interface is 
recognized as the solidification front. The similar cellular morphology of CMSX-6 was 
also detected in the sample using LMC process at a withdrawal velocity of 0.075 
mm/min and a thermal gradient of about 10 K/mm [Ma, 1999]. Assuming that the 
solidification morphology of Ni-base superalloys is mainly influenced by the G/V ratio, 
a thermal gradient for the TSC process was evaluated as 26 K/mm, which is in good 
agreement with the value given in Table 5.8. 
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6   Summary, Discussion and Outlook  
 
In this research work, in order to overcome the specific disadvantages of the 
conventional Bridgman method, such as the thick shell mould, the low temperature 
gradient and the high device investment, the Thin Shell Casting (TSC) process is 
developed for the production of DS/SC components. 
 
(1) As one of the most important tasks in this work, a pilot TSC device was 
constructed and built. It consists of a resistance furnace with a maximum heater 
temperature of 1700 °C, a programmable elevator with a speed range of 0.2-19.8 
mm/min and a water-cooled chill rod. 
 
(2) The theoretical analysis of heat flux in the TSC process was conducted. It has 
found that the TSC technique enables the best cooling condition over existing 
techniques, such as Bridgman, LMC and GCC processes, so that finer 
microstructures and consequently improved component properties can be expected 
in this novel technique. 
 
(3) Using a numerical simulation, the temperature distribution in the TSC process of a 
superalloy (IN939) was systematically analysed. The influence of the process 
parameters on the solidification conditions was presented, such as the pulling 
velocity, the shell thickness and the gas cooling. As a result, a very high temperature 
gradient of about 25 K/mm was calculated under optimal process conditions. Notably, 
a thermal convection before the solidification front was detected, which might result 
from the density difference of the melt that caused by the thermal gradient. 
 
(4) Through the experimental tests of thin shell moulds, it was confirmed that the 
mould after 2-time sanding with a shell thickness of 1 mm provides the best 
combination of a sufficient strength and a minimal thermal resistance. The thin shell 
mould is a remarkable advantage of the TSC process, enabling not only a distinct 
reduction of the mould material and the manufacturing expense, but also an uniform 
and more efficient cooling condition for casting components. Most importantly, the 
shell thickness (~ 1 mm) could be kept even for considerably increased component 
sizes. Thus the TSC technique is expected to cast large IGT blades in the future. 
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(5) In the feasibility test with CuSn10, different coating and baffle materials were 
utilized in order to achieve the optimal result. Using simplified mould figurations, not 
only directional solidification but also single crystal growth were successfully 
performed. Consequently, the feasibility of this new process was confirmed. 
Moreover, the boron nitride suspension (50% BN with 50% distilled H2O) and the 
hollow ceramic particles (Al2O3, 2-4 mm in diameter) were so far evaluated as the 
optimal coating and baffle materials, respectively. 
 
(6) A number of fundamental experiments (including the thermal measurements) in 
the TSC process were carried out with Al99.93 and AlSi7Mg0.3 alloys. Through the 
thermal measurements, the solidification parameters, such as the axial thermal 
gradient G and the cooling rate  ̇ at the solidification front as well as the solid/liquid 
interface location Z, were calculated, and the solidification conditions were then 
schematically illustrated. The experimental results clearly demonstrate that, by 
introducing compressed air cooling, the solid/liquid interface was completely located 
under the melt level, which ensures a continuous crystal growth and enables a high 
pulling velocity. Under compressed air cooling, the axial thermal gradient increased 
as the mushy zone displaced upwards, i.e. close to the melt/baffle interface. 
Additionally, the thermal convections ahead of the mushy zone (first detected in 
numerical simulation) were experimentally confirmed. Since the convection occurred 
merely ahead of the solidification front, it might be beneficial to the melt 
homogenization and have no disadvantageous influence on the mushy zone. 
Concerning the microstructures of the AlSi7Mg0.3 samples, the experimental data for 
secondary arm spacing λ2 exhibits an excellent agreement with the well-known 
exponential relationship (λ2 ∝  ̇
-1/3). Compared to the as-cast microstructure after a 
laboratory-scale LMC process (withdrawal speed: 25 mm/min; coolant: gallium-
indium alloy) [Grüneberg et al., 2009], the as-cast microstructure after TSC trial V5-
0.1 (pulling rate: 5 mm/min; compressed air cooing: 0.1 bar) possessed a parallel 
dendritic orientation and even a finer dendrite structure. The advantageous 
solidification direction (downward) of the TSC process could be an influential factor in 
the finer microstructure of TSC components. In further analysis of the eutectic 
structures, the cooling rate during solidification was found to have a pronounced 
effect on the eutectic morphology and volume fraction.  Obviously, increasing the 
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cooling rate resulted in a much finer microstructure and a more homogeneous 
dispersion of Al-Si eutectic mixture, i.e. from coarse lamellar silicon (V1-0.1) to 
refined acicular silicon (V5-0.1).  
 
(7) Based on the experience from the previous experiments, DS turbine blades with 
high densities (Al99.93 and AlSi7Mg0.3) were successfully cast after the TSC 
process. In the DS casting trials of Al99.93 blades, it was confirmed again that air 
cooling played a significant role in the component quality (considering density, 
surface roughness and grain orientation), particularly at higher pulling velocities. 
Notably, under the same cooling condition (Al99.93 and AlSi7Mg0.3 components), 
the casting density was further improved by decreasing the pulling rate, owing to a 
deeper location of the solidification front into the melt bath at a lower pulling velocity, 
i.e. a higher hydrostatic melt pressure and consequently a more beneficial feeding 
condition at solidification front. 
 
In the first trials to cast SC blades of Al99.93, a right-angle gain selector was utilized 
in place of a longer conventional helical selector. Unfortunately, the grain selection 
failed. Considering the coarse and bendable DS grains of Al99.93, a double-neck 
selector was then applied to the TSC process. After the double-neck selection a 
single crystal structure without grain boundaries was achieved. Under the modified 
pulling velocities of 0.8-1.8 mm/min the single grain grew through the entire blade. 
Though some improvements are required, the reproduction using the optimal casting 
parameters and the varied mould shapes was then successfully conducted.  
 
In the following trials, to apply the TSC process to turbine blades of a technical alloy, 
the AlSi7Mg0.3 alloy was chosen. Unfortunately, due to the alloy property, a SC 
blade of AlSi7Mg0.3 was not achieved, that indicates the AlSi7Mg0.3 alloy might be 
not suitable for SC casting. Thus, to date, there is still no experimental studies that 
have reported SC casting parts of AlSi7Mg0.3. However, the typical DS 
microstructures were then detected in all cast blades, which verified that TSC 
technique is applicable to technical alloys. 
(8) Thereafter, some DS rods of the superalloy CMSX-6 were cast using the TSC 
process. According to the performed metallographic examination, an extremely high 
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temperature gradient G of about 24 K/mm was calculated, which matched well the 
simulation result (25 K/mm).  
Compared to the conventional casting techniques, the TSC process is characterized 
by an extreme reduction of the primary dendrite arm spacing λ1, the eutectic γ/γ’ size 
dE, the eutectic γ/γ’ area fraction FE, and the precipitate γ’ size dP as well as an 
elimination of the interdendritic porosity, which is caused by a much higher cooling 
rate with a considerably increased temperature gradient. 
As suggested by Konter and Thumann, the next generation materials for IGTs will not 
come from new material systems, but from new processes that produce higher 
quality materials with properties that are improved through structure refinement 
[Konter and Thumann, 2001; Elliott, 2005]. Thin Shell Casting is a novel process that 
can provide the improved casting qualities, microstructures and significant cost 
reductions, opening a door to the next generation of IGTs. Anyway, since the TSC 
technique is a quite novel process for casting superalloys, there are still some open 
questions: 
(1) The corresponding solidification parameters (e.g. G and V) and the resultant 
microstructures (planar, cellular, columnar-dendrite and equiaxed-dendrite) should be 
systematically investigated and characterized compared with that of the conventional 
methods. Specially, the influence of the solidification direction (downward vs. upward) 
on dendrite arm spacings will be researched. 
(2) The solidification fronts (of DS rods) will be quenched in cooling water, enabling 
the investigation of the microstructure and solidification processes. For example, the 
temporal phase evolutions such as γ-dendrites, γ/γ'-eutectic and γ'-particles can be 
characterized by metallographic examination.  
(3) As abovementioned, the freckles formation could be completely avoided in the 
TSC process.  This should be experimentally confirmed in the trials. For this purpose, 
thick samples of superalloys with a strong inclination to the freckles formation (e.g. 
CMSX-4) are planned to cast at a low pulling rate (promoting the freckles formation). 
If no freckles take place under these casting conditions, the advantage of the TSC 
process avoidance of freckles formation is convincingly demonstrated.  
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(4) Instead of a grain selector, the seeding technique will be applied to cast SC rods 
of superalloys. Additionally, a stable and hermetic baffle material with an excellent 
thermal insulation is expected to be developed, enabling a compressed air or argon 
cooling in the TSC process. 
Most importantly, the main objective of the next work step is the implementation of 
this technique for producing SC turbine blades. In the future, to apply the TSC 
process in an industrial field, a modified TSC-furnace construction for a higher 
productivity is suggested in Figure 6.1. 
 
 
Figure 6.1: Construction of the modified TSC-furnace which might be applied to 
industrial field 
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7   Abstract in English and German 
Abstract 
The directional/single-crystal solidification (DS/SC) of turbine blades made of 
superalloys is a key technology on a high scientific and technical level. Industrial 
DS/SC turbine blades are traditionally produced by using the expensive Bridgman 
process, which is characterized by a relatively inefficient heat dissipation and a low 
thermal gradient. 
In this thesis a Thin Shell Casting (TSC) process for downwards directional 
solidification is developed. This novel technique is a combination of the Czochralski, 
dynamical baffle and GCC technologies, which is characterized by a thin shell mould 
(~1 mm), a complete isolation between the heating and cooling zone as well as a gas 
cooling. By pulling up the shell mould through the floating baffle from the melt bath, a 
directional solidification is performed downwards. Application of gas cooling enables 
a significantly increased heat extraction. Thus the specific disadvantage of the 
Bridgman process, i.e. the low temperature gradient and the consequent casting 
defects could be generally overcome by this new technique. 
Using a Cu alloy in the first work phase, the feasibility of this novel process was 
successfully confirmed. With simplified shell moulds, DS/SC components were cast. 
The second work phase dealt with the directional solidification of Al alloys, in order to 
fundamentally investigate the solidification condition and to systematically analyze 
the resultant microstructure in the TSC process. Thereafter DS/SC turbine blades of 
Al alloys were also successfully cast. In the third part, some DS rods of the Ni-base 
superalloy CMSX-6 were cast under inert gas. According to the metallographic 
examination, an extremely high temperature gradient G of about 24 K/mm was 
evaluated, which is a considerable increase by an order of magnitude over that of the 
conventional Bridgman process. As a consequence, the primary dendrite arm 
spacing λ1 is reduced by a factor of three. The reduction of the size and volume 
fraction of γ/γ'-eutectic is even more pronounced. Due to the strongly shortened 
interdendritic feeding path, the interdendritic porosity is almost completely eliminated. 
The result is a significant improvement in the mechanical properties of DS/SC 
components. 
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Zusammenfassung 
Die gerichtete/einkristalline Erstarrung (DS/SC) der Turbinenschaufeln aus 
Superlegierungen ist eine Schlüsseltechnologie auf einem hohen wissenschaftlichen 
und technischen Stand. Zurzeit werden kommerzielle DS/SC Turbinenschaufeln mit 
dem aufwändigen Bridgman-Verfahren produziert, das durch eine relativ uneffektive 
Wärmeabfuhr sowie einen niedrigen Temperaturgradient gekennzeichnet ist. 
In dieser Arbeit wird ein Auftauch-Verfahren zur abwärts gerichteten Erstarrung 
entwickelt. Das Prinzip ist eine Kombination der Czochralski-, dynamischen Baffle- 
und GCC-Verfahren. Es ist durch eine sehr dünne Formschalenwandstärke (~1 mm), 
eine vollständige Trennung der Heiz- und Kühlzone sowie eine Gaskühlung 
gekennzeichnet. Durch das Heraufziehen der Formschale aus dem Schmelzbad 
durch das dynamische Baffle wird die gerichtete Erstarrung von oben nach unten 
realisiert. Mit dem Einsatz von Gaskühlung ermöglicht dies eine deutlich erhöhte 
Wärmeabfuhr. Der spezifische Nachteil des Bridgman-Verfahrens, der niedrige 
Temperaturgradient und die daraus folgenden Probleme bei der Gussqualität, wird 
durch das neue Verfahren grundsätzlich überwunden.  
In der ersten Arbeitsphase wurde die Durchführbarkeit dieses Verfahrens mit einer 
Cu-Legierung erfolgreich erprobt. Mit dem Einsatz von vereinfachten Formschalen 
wurden DS/SC Komponenten hergestellt. Die zweite Arbeitsphase beschäftigte sich 
mit der gerichteten Erstarrung von Al-Legierungen, um den Erstarrungscharakter des 
Auftauchprozesses grundlegend zu untersuchen und das erzeugte Gussgefüge 
systematisch zu analysieren. Danach wurden DS/SC Turbinenschaufeln aus Al-
Legierungen auch gegossen. Im dritten Teil wurde die gerichtete Erstarrung der Ni-
Basis-Superlegierung CMSX-6 mit zylindrischer Stabgeometrie unter Schutzgas 
durchgeführt. Anhand der metallographischen Untersuchung wurde ein 
Temperaturgradient von ca. 24 K/mm ausgewertet. Dies ist eine Erhöhung des 
Temperaturgradienten um eine Größenordnung gegenüber dem herkömmlichen 
Bridgman-Prozess. Als Konsequenz wird der Primärdendritenabstand λ1 um den 
Faktor drei reduziert. Die Reduktion der Größe und des Volumenanteils der γ/γ’-
Eutektikum ist noch ausgeprägter. Aufgrund der starken Verkürzung des 
interdendritischen Nachspeisungswegs ist die Mikroporosität fast vollständig 
beseitigt. Die Folge ist eine erhebliche Verbesserung der mechanischen 
Eigenschaften von DS/SC Komponenten. 
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